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Ms Kershini Govender presented a thesis titled “Characterisation of XvPrx2, a type Il
peroxiredoxin (Prx) from the resurrection plant, Xerophyta viscosa (Baker).” The thesis is
well written, with a large number of good quality illustrations. It contains a significant
quantity of new, interesting and important data. The objective of the work, which was to
undertake a comprehensive physiological and molecular characterisation of XvPrx2, with a
view to obtaining a deeper understanding of the role of this type II Prx in situations of water
deficits in the resurrection plant from which it was identified, has been achieved with
commendable success. The study described in this thesis is soundly based on previous studies
and identifies XvPrx2 as important gene involved in desiccation tolerance in Xerophyta
viscosa. The full characterisation reported in this thesis suggests that the XvPrx2 gene product
and other similar proteins might be attractive targets for future genetic manipulation studies

aimed at the improvement of stress tolerance in crop plants.

The thesis is divided into appropriate sections and contains a suitable abstract and
appropriate list of references. A number of strategies employing a range of multidisciplinary
techniques were successfully employed to characterise the XvPrx2 gene and its expression
patterns and also to unravel the localisation of XvPrx2 gene product and its importance in
stress tolerance. The results of the comprehensive study presented in this thesis not only
provide an improved understanding of XvPrx2 but they also give insights into the
complexities of proteins that assist in increasing tolerance to water deficits. Taken together,
the data presented here make a significant contribution to the advancement of knowledge in

this field of learning.

This thesis and reference list consisting of 153 pages and over 200 references are both
highly satisfactory and appropriate. It is to the credit of the candidate that the document was
enjoyable and interesting to read and remarkably free from even small errors. In the thesis the
candidate reveals a sound knowledge of the background to her work and this general area of
plant science, the experimental techniques employed, and the significance of the results. Her
enthusiasm for the subject is evident throughout. I recommend that this thesis is generally of a

high standard and that it is acceptable for the award of the degree.

Professor Christine H. Foyer
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Rothamsted Research, United Kingdom



The thesis titled “Characterisation of XvPrx2, a type Il peroxiredoxin isolated from the
resurrection plant Xerophyta viscosa (Baker)” is an excellent piece of research work and the
author’s thesis writing style is very lucid and scientific. Research work embodied in thesis
confirmed that she is fully aware about past and current research literature of plant stresses
and practically well up to date with the knowledge of plant science, bioinformatics,

enzymology molecular and cell biology.

Her research related to type II XvPrx2 and Prx genes and their characterisation using
comparative DNA sequencing, enzymatic assays, SDS PAGE and 2-D gel electrophoresis,
Ramachandran plot, immuno-gold labelling study with the electron microscope work thus
demonstrating strong motivation and relevance for developing genetically modified stress
tolerant plants for using newly discovered XvPrx2 gene from Xerophyta viscosa. Moreover,
author’s research work is very important in terms of its significance and commercial
applications and she has submitted excellent research data, which should be easily publishable
in any top international journal. Therefore, based on her research accomplishments and
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The thesis presents results from a study on in vivo and in vitro characteristics of a
peroxiredoxin from Xerophyta viscosa. Prxs have been demonstrated to play a major role in
the response to stress, as well as in H,O, mediated signalling. Stress tolerance of plants is
increasingly receiving attention by the science community because of the extreme practical
relevance. It is pivotal to generate crops with an increased stress tolerance within the next
decades. Climate change, desertification, salinity, water deficit combined with the ever
increasing world population makes this a high priority. Thus, apart from the direct scientific

interest, a study such as this is very relevant.

The general approach of this study is good and quite ambitious. It combines an
impressive array of techniques and methods. This study adds significant new information to
the knowledge of Prxs, particularly in monocots. The abstract sufficiently covers the essence
of the study. The literature is quite exhaustive, dealing well with the different relevant
elements pertaining to this study. The model presented in ‘Chapter 6° of how XvPrx2 might
utilise the second cysteine of Trx is very clever and the author must be complimented with
this excellent model. I agree with the recommendation by the author to employ over
expression of XvPrx2 in maize for a functional assessment of the role of XvPrx2 in stress

tolerance, which [ think is very essential.

This study adds significant information to our knowledge of the genetics, biochemistry
and structure of a higher plant peroxiredoxin. This is a substantial amount of work and of

sufficient quality for a PhD degree.
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Abstract

Characterisation of XvPrx2, a type II peroxiredoxin isolated from the resurrection plant
Xerophyta viscosa (Baker)
Kershini Govender, Department of Molecular and Cell Biology, University of Cape Town

Knowledge of the biochemical and molecular mechanisms by which plants tolerate
environmental stresses is necessary for genetic engineering approaches to improve crop
performance. A unique feature of resurrection plants, such as Xerophyta viscosa, is their
ability to cope with severe water loss of greater than 90%. A full-length cDNA library was
synthesised from a cold stressed X. viscosa plant. Sequencing and BLAST analysis revealed
the identity of sixty genes. A type 2 peroxiredoxin (XvPrx2) was selected for further analyses
as it was observed, by northern analyses, to be stress-inducible. The XvPrx2 protein was
confirmed to be involved in the stress response by Western analyses. The XvPrx2 gene, which
displays highest identity to a rice orthologue, has an open reading frame of 162 amino acids,
and codes for a hydrophilic polypeptide of 162 residues with a predicted molecular weight of
17.5 kDa. The XvPrx2 polypeptide displays significant identity with other plant type II Prxs,
with an absolutely conserved amino acid sequence proposed to constitute the active site of the
enzyme (PGAFTPTCS). The XvPrx2 protein has a single catalytic cysteine residue at position
51 similar to Prxs from Oryza sativa and Candida boidinii. A mutated protein (XvV76C) was
generated by converting the valine at position 76 to a cysteine resulting in a conformational
change as determined by limited proteolysis. An in vitro DNA protection assay showed that,
in the presence of either XvPrx2 or XvV76C, DNA protection occurred. In addition, an in
vivo assay showed that increased protection was conferred on cell lines over-expressing either
XvPrx2 or XvV76C. Several upstream promoter regions were identified for the XvPrx2 gene
using the splinkerette method. Southern and two dimensional gel analyses revealed that
multiple XvPrx2 homologues exist within the X. viscosa genome. These homologues have
similar pl values to Arabidopsis orthologues. Immuno-cytochemical data revealed that
XvPrx2 is localised to the chloroplast, however, this could be attributed to cross reactivity
with a chloroplastic homologue. Using YFP technology, the protein was observed to be
expressed in the cytosol, and this location is supported by the absence of an upstream
targeting signal in the XvPrx2 sequence. The XvPrx2 activity was maximal with DTT as
electron donor and H,O; as substrate with t-BOOH being the next preferred. Using Trxg co;a

2-15 fold lower enzyme activity was observed. The XvPrx2 activity with GSH was



viil

significantly lower and Grx had no measurable effect on this reaction. The XvV76C protein
displayed significantly lower activity compared to XvPrx2 for all substrates assessed.
Enzymatic kinetic parameter values determined for XvPrx2 using DTT as electron donor and
H,0; as substrate were: Ky =45 uM, Viax =278 umol min'l.mg'l protein, ke =6.173 x 10° s
'and kK = 0.136 x 10° uM'l.s'l. Based on knowledge-based models of XvPrx2 and
XvV76C no structural differences were observed between the two molecules. Furthermore,
both proteins displayed a catalytic triad similar to PtPrxIl and in the event of homo-
dimerisation the formation of a disulphide bond was not supported. In conclusion, XvPrx2 is a
cytosol localised, stress-inducible, antioxidant enzyme involved in the protection of nucleic

acids by scavenging reactive oxygen species.

14" February 2006



Chapter 1

Literature review

1.1 INTRODUCTION

The last 50 years of agriculture has focussed on meeting the food, feed, and fibre needs
of humans. The challenges for the next 50 years however, go far beyond simply addressing
the needs of an ever-growing global population. To feed a world population growing by up to
160 people per minute will require a significant increase in food production (Hoisington et al.,
1999). In addition to producing more food, agriculture will have to deal with declining
resources like water and arable land, the need to enhance nutrient density of crops, and to
achieve these and other goals in a way that does not degrade the environment.

Water deficit has a major impact on the area of land available for cultivation and is one
of the most commonly experienced environmental stress in southern Africa. In America, soil
water deficits are estimated to depress agricultural crop yields by about 70% compared with
maximum achievable yields and similar problems are encountered worldwide (Neumann,
1995). Over 35% of the world’s land surface is considered to be arid or semi-arid,
experiencing precipitation that is inadequate for most horticultural uses.

In recent years, genetic engineering has been used to improve stress tolerance in plants
and much work has been done in trying to understand the molecular basis for stress tolerance.
A lack of understanding regarding the complexity and interplay of osmotic, desiccation and
temperature tolerance mechanisms and their corresponding signalling pathways has generally
limited the success of these approaches (Cushman & Bohnert, 2000). Despite this, transgenic
approaches have resulted in the development of plants with improved stress tolerance (Chaves
& Oliveira, 2004).

With the increase in climate change there is a greater risk that climate extremes will
continue and thus impose significant difficulties to the growth of crop plants in many parts of
the world. These difficulties will be particularly pronounced in the semi-arid agricultural
zones and/or under conditions of irrigation that often exacerbate soil salinisation.The
realisation of the urgent need to use rational approaches to develop crop plants with increased
abiotic stress tolerance has led to an impressive body of work in the area of plant genetics,
plant physiology, plant biochemistry and plant molecular biology (Munns, 2002; Xiong et al.,
2002; Ashraf & Harris, 2004; Flowers, 2004).



Despite the significant progress in these fields, to date there are no reports of
agriculturally successful applications of biotechnology to increasing drought and salinity
tolerance (Denby & Gehring, 2005). Single gene modification approaches have been used to
confer significant salt tolerance (Apse et al., 1999; Kasuga et al., 1999; Shi et al., 2003) in
transgenic plants. However, such interventions are likely to unbalance the development and
physiology of the plant, thus having a significant fitness cost. Previous studies using
constitutively expressed promoters to drive stress responsive transcriptional factors have
resulted in the transgenic plants being stunted (Kasuga et al., 1999). There is therefore a move
to use stress inducible promoters to help reduce gross growth effects but such transgenic lines
have not yet been evaluated for fitness parameters such as seed yield.

Speculation on potential impacts in any area of science is difficult; projecting the use
of genetic resources in meeting world food requirements is not any different. Crops are being
grown on more marginal lands and in harsher and ever-changing environments. Screening
programs aimed at identifying new sources of resistance and tolerance should include a wide
range of genetic resources, including related and unrelated species. A variety’s yield can be
considered the final response of a plant’s genome to the environment in which it is grown. In
this manner, the addition of enhanced stress resistance leads to improved yields. For many
developing countries, even slight improvements in stress tolerance would significantly
increase yields (Hoisington et al., 1999).

A potential rich source of genes that could confer tolerance to abiotic stresses is a
small group of around 200 species of angiosperms known as resurrection plants (Gaff, 1971;
Bartels & Salamini, 2001). These plants have developed mechanisms that allow them to
withstand severe water deficit and are unique in their ability to tolerate drying of their
vegetative tissues. Genes which are postulated to play a role in desiccation tolerance have
been isolated from Craterostigma plantagenium (Itturiaga et al., 1992; Furini et al., 1997,
Bartels & Salamini, 2001), Tortula ruralis (Oliver et al., 1998; Chen et al., 2002) and
Xerophyta viscosa (Mundree et al., 2006). It is hoped that some of these genes could be used
to improve the tolerance of crop plants to abiotic stresses and consequently improve their
yield.

Antioxidants play a crucial role in the detoxification of toxic compounds that
accumulate in cells as a result of plant respiration and photosynthesis. The accumulation of
these toxic compounds especially reactive oxygen/nitrogen species can cause cell death which

is detrimental to the plant. This study focuses on the isolation and characterisation of a type II



peroxiredoxin, from the resurrection plant X. viscosa, which is able to detoxify free radicals

generated in plant cells and thus protect cell components.

1.2 THE IMPACT OF WATER DEFICIT ON PLANTS
1.2.1 Water deficit in plants

Plant water deficit occurs when the rate of transpiration exceeds the rate of water
uptake (Bray, 1997). Desiccation can result in considerable damage at the cellular level such
as changes in cell volume and membrane shape, concentration of solutes, disruption of water
potential gradients, loss of turgor, disruption of membrane integrity and denaturation of
proteins (Bray, 1997). Plants generally respond to water loss by closing their stomata. This
results in the transfer of high-energy electrons to oxygen resulting in the formation of highly
reactive oxide radicals that are particularly damaging (Sherwin & Farrant, 1998).

An understanding of the biochemical and molecular mechanisms by which plants
tolerate environmental stresses is necessary for genetic engineering approaches to improving
crop performance under stress. To this end, Shinozaki & Yamaguchi-Shinozaki (1996)
pointed out that it is essential to understand how:

(1) plants survive desiccation;

(i) plants sense water loss;

(ii1) stress signals are transduced into cellular signals and transmitted to the nucleus;
(iv) gene transcription is affected by these signals; and

(v) gene products function in stress tolerance.

Environmental stresses come in many forms, yet the most prevalent stresses have in
common their effect on plant water status. The availability of water for its biological roles as
solvent and transport medium, as electron donors in the Hill reaction, and as evaporative
coolants is often impaired by environmental conditions. Although plant species vary in their
sensitivity and response to the decrease in water potential caused by drought, high salinity, or
low temperature, it may be assumed that all plants have encoded capability for stress
perception, signalling, and response (Bohnert et al., 1995).

For a plant to survive it must be able to respond and adapt to the stress condition
(Shinozaki & Yamaguchi-Shinozaki, 1997). Some higher plant species are well adapted to
arid environments through mechanisms that mitigate drought stress, including both
physiological and biochemical adaptations. Physiological adaptations take many forms
ranging from partial senescence of tissues, to structural adaptations such as water storage

organs and restrictions in surface area of aerial tissues as seen in Cactaceae and



Fuphorbiaceae (Scott, 2000). Biochemical adaptations range from damage limitation
mechanisms to additions to photosynthetic pathways such as crassulacean acid metabolism
(Smith & Bryce, 1992). All of these mechanisms are very effective and they allow plants to
inhabit a wide range of arid environments, but when subjected to prolonged lack of water

these plants will dehydrate and die.

1.2.2 Water stress in plants

Drought, salinity and freeze-induced dehydration constitute direct osmotic stresses;
chilling and hypoxia can indirectly cause osmotic stress via effects on water uptake and loss.
Soil salinity alone affects some 340 million hectares of cultivated land (Jain & Selvaraj,
1997). The early events of plant adaptation to environmental stress are the sensing and
subsequent signal transduction to activate various physiological and metabolic responses,
including stress responsive gene expression. The complete loss of free water results in
desiccation or dehydration of plants. The ability of the whole plant to respond and survive
cellular water deficit depends on whole-plant mechanisms that can integrate the cellular
responses. Responses to water deficit may occur within a few seconds (such as change in
phosphorylation status of the protein) or within minutes and hours (such as change in gene
expression). Whole plant responses to water deficit are controlled by an array of genes with
numerous functions (Fig. 1.1).

Genes induced under water stress conditions are thought to function not only in
protecting cells from water deficit by the production of important metabolic proteins but also
in the regulation of genes for signal transduction in the water stress response (Shinozaki &
Yamaguchi-Shinozaki, 1997). Thus the gene products can be divided into two groups (Fig.
1.2). The first group of proteins involved in stress tolerance are water channel proteins
involved in the movement of water through membranes, the enzymes required for the
biosynthesis of various osmoprotectants (sugars, proline, glycine-betaine), proteins that may
protect macromolecules and membranes (LEA proteins, osmotin, antifreeze protein, chaperon,
and mRNA binding proteins), proteases for protein turnover (thiolproteases, Clp protease and
ubiquitin) and detoxification enzymes (glutathione S-transferase, catalase, superoxide
dismutase and ascorbate peroxidase). The second group of proteins are involved in further
regulation of signal transduction and gene expression. These include protein kinases,

transcription factors, phospholipase C and 14-3-3 proteins.
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Figure 1.1 Plant responses to water deficit (Bohnert et al., 1995).

Secondary stress
Osmotic stress

Oxidative stress

Signal sensing, Osmosensor, phospholipid cleaving enzymes,
perceptlon'and second messengers, MAP kinases, Ca” sensors,
transduction calcium-dependent protein kinases
Transcription control Transcriptional factors
Detoxification Chaperone
functions
e Gore
B mecﬂanis“r;s acyvelion
Osmopro- Water and
tection ion

Re-establishment of cellular homeostasis,
functional and structural protection of
proteins and membranes

v

Stress tolerance or resistance |

Figure 1.2 Abiotic stresses are often interconnected. They result in cellular damage and secondary
stresses. Two groups of gene products are involved in the plant stress response: (A)
regulatory proteins (signalling and transcriptional controls); and (B) functional proteins

(adapted from Wang et al., 2003).



Expression patterns of dehydration inducible genes are complex. Some genes respond
to water stress very rapidly, whereas others are induced slowly after the accumulation of
abscisic acid (ABA). It appears that dehydration triggers the production of ABA, which in
turn induces various genes. Most of the genes that respond to drought, salt and low
temperature stress are also induced by exogenous application of ABA (Shinozaki &
Yamaguchi-Shinozaki, 1997). Several genes that are induced by water stress are not
responsive to exogenous ABA treatment. These findings suggest the existence of both ABA
independent and ABA dependent signal transduction cascades between the initial signal of
drought or low temperature stress and the expression of specific genes (Bray, 1997). Analysis
of the expression of these dehydration inducible genes in Arabidopsis have indicated that
multiple independent signal pathways (Fig. 1.3) function in the induction of these stress

inducible genes in response to abiotic stress (Ramanjulu & Bartels, 2002).

Low temperature Dehydration, Salt
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Modiﬁcaion'?/ /’hospho—
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CRT/DRE MYCR/MYBR ABRE

Figure 1.3 ABA independent and ABA dependent signal transduction pathways between the
perception of a water stress signal and gene expression (adapted from Ramanjulu &

Bartels, 2002).

1.2.3 Genetic engineering for improved plant response to water deficit

In the past decade most of the successful genetic engineering work in agricultural
terms was directed towards crop resistance, to biotic stress, or to technological properties
(Sonnewald, 2003). Studies addressing plant resistance to abiotic stress have been confined to
experimental work and to single gene approaches (Ramanjulu & Bartels, 2002). However,
recent advances suggest that rapid progress may be possible in the near future, with large

economical impact (Table 1.1; Dunwell, 2000; Garg et al., 2002; Wang et al., 2003).



Table 1.1  Recent achievements in improving drought tolerance in crops through genetic engineering (Chaves & Oliveira, 2004)
Gene/enzyme Origin Target Effect Author
Functional proteins
Superoxide dismutase (MnSOD) Nicotiana plumbaginifolia  Alfalfa Improved performance in the field under drought McKersie et al.
(1996)
HVAI (group 3 lea gene) Barley Rice Constitutive expression leads to protein accumulation in leaves and  Xu et al. (1996)
roots and improved recovery after drought and salt stress
Myo-inositol O-methyltranferase (/IM77) Mesembryanthemum Tobacco Enhanced photosynthesis protection and increased recovery under Sheveleva et al.
crystallinum drought, through the accumulation of D-ononitol (1997)
Trehalose-6-P synthase, Trehalose-6-P phosphatase Bacteria Tobacco Better phosynthetic efficiency and higher dry weight under drought Pilon-Smiths et
stress al. (1998)
HVAI (group 3 /lea gene) Barley Wheat Constitutive expression (u6iP) improved biomass productivity and Sivamani et al.
water use efficiency under water stress (2000)
Aldose/aldehyde reductase (MsALR) Alfalfa Tobacco  Detoxification effect (reduced amounts of reactive aldehydes) leading  Oberschall et al.
to tolerance to multiple stresses (2000)
NADP malic enzyme Maize Tobacco Drought avoidance through decreased stomatal conductance and Laporte et al.
increased fresh weight per unit water consumed (2002)
Fusion gene, Trehalose-6-P synthase and Trehalose-6-P E. coli Rice Sustained plant growth and reduced photo-oxidative damage under Garget al.
phosphatase (TPSP), regulated by ABA inducible promoter or rbcS abiotic stresses. Improved photosynthetic activity under non-stress (2002)
promoter conditions
Mannitol- 1-phosphate dehydrogenase (m/D) E. coli Wheat Improved drought tolerance with mannitol accumulation at a Abebe et al.
concentration insufficient for osmotic adjustment (2003)
Agquaporin NtAQP1 Tobacco Tobacco  Increased membrane permeability for CO; and water, and increased leaf  Uehlein et al.
growth (2003)
Regulatory proteins
Calcium dependent protein kinase (OsCDPK7) Rice Rice Induced expression of a glycine rich protein (sa/7T) and LEA proteins  Saijo et al.
(rabi16A, wsil8) under stress. Increased salt and drought tolerance (2000)
CBF1 (DREBIB) driven by P35SCaMV Arabidopsis Tomato  Increased resistance to water stress, but dwarf phenotype. Higher levels  Hsieh et al.
of proline, and faster closure of stomata under water stress (2002)




According to Chaves & Oliveira (2004) even modest improvements in crop resistance
to water deficit and in water use efficiency will increase yield and save water. A major
challenge of this technology is to develop plants that are both able to survive stress and grow
under adverse conditions with reasonable biomass production, overcoming the negative
correlation between drought resistant traits and productivity, which was often present in past
breeding programs (Mitra, 2001). Such a compromise requires improved efficiency in
maintaining homoeostasis, detoxifying cells from harmful elements, and recovering growth
that is arrested upon acute osmotic stress (Xiong & Zhu, 2002). This therefore requires the
introduction of sets of genes that govern quantitative traits, as demonstrated in the case of
transgenic rice with introduced provitamin A (Ye et al., 2000).

The increasing knowledge of stress adaptation processes and the identification of key
pathways and interactions involved in the plant response to the stress conditions are being
exploited to engineer plants with higher tissue tolerance to dehydration or with drought
avoidance characteristics (Laporte et al., 2002). The latter is more difficult to achieve, because
it is linked to whole plant morphological and physiological characteristics (Altman, 2003).

Recent progress in gene discovery and knowledge of signal transduction pathways
raises the possibility of engineering important traits by manipulation of a single gene,
downstream of signalling cascades, with putative impact on more than one stress type.
Moreover in genetic engineering it is important to mimic nature and activate at the correct
time only the genes that are necessary to protect the plants against stress effects. Chaves &
Oliveira (2004) indicate that this may be achieved using appropriate stress inducible
promoters and consequently would minimise effects on growth under non-stressing conditions
that is essential for agricultural crops. Furthermore, to ensure that negative effects do not
arise, the desired tissue/cellular location should be targeted, the intensity and time of
expression should be controlled, and availability of all metabolic intermediates should be
ensured (Holmberg & Biilow, 1998). A final requirement to prove that a transgenic plant is
more resistant to water stress requires a rigorous evaluation of the physiological performance
as well as the water status of transformed plants (Chaves & Oliveira, 2004). The result is that
the impact of the introduced genes is separated in their direct versus indirect effects (e.g.
increased resistance of the photosynthetic apparatus versus effects on plant or leaf size,

phenology, etc.).



1.3 RESURRECTION PLANTS
1.3.1 General characteristics of resurrection plants

Resurrection plants are unique among angiosperms in that they possess a uniquely
effective mechanism for coping with drought stress by being desiccation tolerant. These
plants can tolerate severe water loss of greater than 90%. Resurrection plants have very little
water retaining characteristics, morphological or physical, and hence their internal water
content rapidly equilibrates with the water potential of the environment. These plants survive
the loss of their tissue water content until a quiescent stage is reached. Upon watering they
rapidly revive and are restored to their former state. Tissue damage due to this drying and
rehydration process appears to be minimal to non-existent. Unlike other plant responses to
drought stress, resurrection plants prevent growth and reproduction over the dehydrated
period (Scott, 2000) and promote growth when conditions become favourable, whereas non-
resurrection plants die upon drying.

Resurrection plant species are represented in most taxonomic groups ranging from
pteridophytes to dicotyledons. Terrestrial species include the monocotyledonous plant,
Xerophyta viscosa and the dicotyledonous shrub Myrothamnus fabellifolia, and an aquatic
species Chamaegigas intrepidus. Most species are native to arid climates in the world such as
southern Africa, southern America, and Western Australia (Gaff, 1987). These plants grow in
shallow, sandy soils in rocky outcrops and inhabit ecological niches uninhabitable by most
higher plants, which are subjected to lengthy periods of drought with periods of rain during
the year (Scott, 2000). The growth and reproduction of the plant occurs in these wet seasons,
but upon drying the plants can remain dormant for considerable periods, for example
Craterostigma species can last up to two years without water. Mechanisms that protect plants
from water stress are frequently effective against other environmental stresses. Some
resurrection grass species were found to be salt tolerant and it has been postulated that some

may be resistant to large fluctuations in temperature (Hartung et al., 1998).

1.3.2 Physiology of resurrection plants

One of the most remarkable features of the resurrection plant C. plantagineum is its
ability to shrink during dehydration. The leaves of C. plantagineum shrink to around 15% of
their original area (Scott, 2000). Evidence on how leaves achieve this reduction suggests that
the plasmalemma and the cell wall form a concertina that minimises damage within and
between cells. In woody species, such as M. flabellifolia, such shrinkage is not observed,

however the water content on desiccated state is similar to Craterostigma. In higher plants the
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formation of air bubbles is a well known cause of xylem blockage during desiccation. To
overcome this problem M. flabellifolia has produced narrow reticule xylem vessels that
cavitate on desiccation but refill from capillary and root pressure on resurrection. Another
remarkable feature of resurrection plants is their ability to rehydrate rapidly, for example C.
plantagineum revives in less than 24 hours (Scott, 2000).

In contrast to what is known to be occurring in the leaves, very little research has been
performed on the roots of resurrection plants. In such tissues the response to drought stress is
probably more rapid than in the leaves since it is the root that first senses soil water deficit
(Scott, 2000). Roots are also very much more restricted in their ability to shrink during
dehydration since they are embedded in a soil matrix. Thus shrinkage of roots beyond that of
the soil could result in major root network damage.

Resurrection plants can be divided into two groups:

(i) homoiochlorophyllous plants, which retain their chlorophyll during drying, e.g. M.
flabellifolia; and
(i) poikilochlorophyllus plants, which lose chlorophyll on drying, e.g. X. viscosa.

1.3.3 Significance of resurrection plants

Resurrection plants can be regarded as extremophiles, as they can survive severe
temperature, salinity, high light and desiccation environments. Resurrection plants are studied
in attempts to understand the mechanisms of desiccation tolerance, often with the ultimate
aim of identifying genes that can be used to bioengineer crops for improved tolerance to water
stress. The occurrence of different mechanisms of protection to a given stress has implications
for bioengineering work, in that the genetic pathways needed for successful transformation to
drought tolerance are likely to differ among crops. An understanding of the different
mechanisms of tolerance that does exist might allow for more informed decisions as to which
ones might be more effective in a particular crop (Farrant, 2000). Consequently resurrection

plants, such as X. viscosa, are potentially valuable sources of stress tolerance genes.

1.3.4 Metabolic changes during dehydration and rehydration in resurrection plants
Numerous metabolic changes occur in resurrection plants as they dehydrate and
rehydrate. The most thoroughly investigated is carbohydrate accumulation, of which sucrose
is the dominant carbohydrate in all resurrection plants. Almost three-times more sucrose is
accumulated by C. plantagineum than the highest of the other plant species. Sucrose

accumulation has been proposed to maintain cell integrity during dehydration (Ingram &
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Bartels, 1996). These sugars could act to stabilise membranes and proteins in the dry state by
maintaining hydrogen bonding within and between macromolecules (Allison et al., 1999).
Sugars could also vitrify the cell contents and stabilise internal cell structure (Crowe et al,,
1996). In X viscosa, as leaves dry, fructose and glucose are metabolised allowing for sucrose
to accumulate as the dominant carbohydrate in the dehydrated plant. Experiments in which
isolated enzymes have been dried in the presence of sucrose display evidence that the
enzymes remain stable in the dried state (Bustos & Romo, 1996; Suzuki et al., 1997). Parallel
work on isolated membrane vesicles also supports the view that sucrose preserves the
integrity of the lipid bilayer during dehydration (Crowe et al., 1998). Trehalose and raffinose
were also shown to help stabilise cell membranes, particularly the phospholipid bilayer and
membrane proteins during cellular dehydration and freezing (Turner et al., 2001). This is
important as cell membranes have been regarded for a long time as the site of desiccation
injury, mainly because the earliest symptom of injury is enhanced leakage of cytoplasmic
solutes during rehydration (Simon, 1974). Another feature to be noted is that sucrose and
trehalose measurements in identical plant species by different laboratories are very variable.
Additionally, trehalose has been reported to accumulate to a great extent in only M.
flabellifolia. Data such as these have fuelled a great deal of interest in the use of sugars as a
mechanism for protection of other living tissues (Pilon-Smits et al., 1998; Zentella et al,

1999).

1.3.5 Gene expression in resurrection plants

In response to drought, protein expression changes with many genes being induced
upon dehydration whereas others are down regulated. Through the use of inhibitors such as
actinomycin D (inhibits transcription) and cyclohexamide (inhibits translation) it was
observed that most of the mRNA needed for rehydration was synthesised during dehydration
(Bartels et al., 1990). Six ¢cDNA clones displayed increased expression in leaves of the
resurrection grass Sporobolus stapfianus during drought stress (Blomstedt et al., 1998). Some
of these genes bear homology to genes such as dehydrins and thiol proteases of other plant
species thought to be involved in the maintenance of cell integrity during water stress (Scott,
2000). Most proteins that increase during desiccation are inducible with ABA, suggesting that
ABA forms the initial signal for metabolic events that are necessary for desiccation. Bartels et
al. (1990) isolated a large number of cDNA clones from C. plantagineum, which were

induced upon rehydration. Several of these clones possessed homology with late
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embryogenesis abundant (LEA) proteins which are associated with the later stages of embryo
development in seeds.

Studies of C. plantagineum have revealed that transcripts encoding proteins relevant to
photosynthesis are down regulated during the dehydration process and thus possibly reduce
photo-oxidative stress (Ingram & Bartels, 1996). Jiang et al. (1995) demonstrated that the
promoter regions of storage protein genes contain the information for their down regulation

during seed desiccation.

1.3.6 Significance of Xerophyta viscosa (Baker)

The X viscosa (Velloziaceae, Fig. 1.4) plant species, is endemic to southern Africa and
grows in mountain top habitats such as Cathedral Peak in the Drakensberg mountains. These
plants grow on rocky outcrops and are exposed on a daily basis to extremes of temperature.
The X. viscosa plant can survive extremes of dehydration, as low as 5% relative water content
(RWC; Jin et al., 2000), and upon rehydration reach full turgor and regain all physiological
activities within 80 hours of re-watering (Sherwin & Farrant, 1996). The Plant Stress Lab
(University of Cape Town) is focused on developing transgenic maize that is able to
withstand drought. Consequently, X. viscosa is being studied as a source of genes that are
involved in abiotic stress tolerance.

Mechanical stress is the consequence of the considerable reduction of cell volume
upon desiccation (Iljin, 1957). This results in the plasmalemma tearing away and collapse of
the cell walls in leaf cells. This is avoided in X viscosa by the subdivision of the large central
vacuole present in hydrated leaves into a number of smaller ones, which become
progressively filled with non-aqueous material as water is lost from them (Mundree &
Farrant, 2000). This phenomenon has also been observed in desiccation tolerant seeds
(Bewley & Black, 1994; Farrant et al., 1997) and in other resurrection plants (Farrant &
Sherwin, 1997; Farrant et al., 1999), which minimises cell volume reduction and thus
mechanical stress.

Photosynthesis and respiration can result in the production of reactive oxygen species,
which if not detoxified by antioxidants can cause severe subcellular damage and loss of
viability. The X. viscosa plant appears to use mechanisms for both the prevention of free
radical formation and quenching of their activity (Sgherri et al., 1994a, b; Sherwin & Farrant,
1998). The presence of chlorophyll is detrimental to cells during drying and the chlorophyll is
degraded and the thylakoid membranes are dismantled into small vesicles during desiccation

in X. viscosa and this minimises free radical formation (Tuba et al., 1996; Farrant et al.,
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1999). The levels of other pigments like carotenoids and anthrocyanins increase on drying in
X. viscosa and this together with the process of dismantling the photosynthetic apparatus is
thought to be a means of protecting the plant against UV-light and from damage as a result of
oxygen free radical generation during desiccation (Sherwin & Farrant, 1995; Sherwin &
Farrant, 1998). Respiratory activity continues at high levels, dropping only below a RWC of
30% and ceases below 15% RWC.

Figure 1.4 The X viscosa plant in its ecological niche at Cathedral Peak Nature Reserve. The fully
hydrated (blue arrow), dehydrated (yellow arrow) and blooming (red arrow) X. viscosa

plants growing on a rocky outcrop in the Drakensberg mountains are displayed.

Resurrection plants possess a suite of genes that are expressed co-ordinately under
stress and functioning together are able to facilitate certain cellular mechanisms that allow the
plant to tolerate environmental extremes. A number of interesting genes have been identified
in X. viscosa as upregulated in response to various stresses.

A 1-Cys peroxiredoxin, XvPerl, is a stress-inducible antioxidant enzyme (Mowla et
al., 2002). Other 1-Cys Prxs have been reported in plants, but only in seeds and immature
embryos (Mundree et al., 2002). The XvPerl gene is unique in that it is upregulated in

vegetative tissues exposed to abiotic stresses (Mowla et al., 2002).
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The XvGrp94 (a glucose regulated protein localised to the endoplamic reticulum and
homologous to Hsp90) protein is upregulated under conditions of stress and is the first report
of such upregulation in response to desiccation stress. The XvGrp94 protein was observed to
be decreased during rehydration but continued to increase throughout heat stress treatment
(Walford et al., 2004). This increase in response to heat shock was only observed in two other
plants (viz. maize and barley; Schroder et al., 1993).

The XvGolS gene isolated from a dehydration stressed X. viscosa leaves encodes a
galactinol synthase and may be an important component in compatible solute biosynthesis. It
was found to be up-regulated in the leaves of X. viscosa during drought stress (Peters, 2005).

The Xvinol gene encodes a myo-inositol-1-phosphate synthase, which catalyses the
conversion of glucose-6-phosphate to myo-inositol-1-phosphate, which is subsequently
dephosphorylated to myo-inositol. Myo-inositol is a precursor for a number of important
metabolites, which include membrane components, storage molecules, phytohormones and a
variety of osmoprotectants. The Xvinol gene has been shown to be up-regulated during
various abiotic stresses (Chopera, 2006).

An ERDIS5 (Kiyosue et al., 1994) orthologue has been observed to be upregulated
during early stages of dehydration (Lee, 2005). No function has been currently attributed to
this protein. Molecular characterisation has led to observation that XvERDI1S5 is hydrophobic,
acidic and lacks cysteine residues.

The XvVHA-c "1 gene codes for the subunit ¢ protein of V-ATPase. Transcripts were
observed to increase in response to NaCl, dehydration and low temperature stress (Marais et
al., 2004). It is postulated that XvVHA-c "1 plays a role in creating a proton translocating
pore and assisting in adapting to osmotic pressure fluctuations as well having a housekeeping
role to maintain luminal acidification.

The XvCaM gene was isolated from dehydration stressed X. viscosa leaves and codes
for a classic calmodulin with 4 EF-hands (Conrad, 2005). Northern blot analyses indicate that
transcript levels fluctuate only under dehydration stress. Western blot analyses show that the
protein accumulates at low relative water content and is present during the rehydration of the
plant.

The XvSapl protein is highly hydrophobic and possesses two membrane lipoprotein
lipid attachment sites (Garwe et al., 2003). It displays high sequence similarity with G-protein
coupled receptors and consequently is postulated to play a signalling role during abiotic

stress.
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The XvAldl gene codes for an aldose reductase, which catalyses the reduction of
sugars to their analogous alcohol (Mundree et al., 2000). Oberschall et al. (2000)
demonstrated that plant aldose reductase can detoxify cytotoxic aldehydes, such as 4-
hydroxynon-2-enal that is a product of ROS-induced lipid peroxidation. Transcript and
protein levels of XvAldl have been shown to increase within leaves in response to water

deficit (Mundree et al., 2000).

1.4 OXIDATIVE STRESS IN PLANT CELLS

Survival during periods of environmental stress is vital for agricultural crops.
Protective responses at the leaf level must be triggered quickly to prevent the photosynthetic
machinery from being irreversibly damaged. Damage is a result of reactive oxygen species
generated via the Mehler reaction, such as superoxide, hydrogen peroxide (H,O,) and the
hydroxyl radical that may lead to photo-oxidation if the plant is not efficient in scavenging
these molecules (Chaves & Oliveira, 2004).

Redox signals are early warnings, exerting control over the energy balance of a leaf.
Alterations in the redox state of the redox-active compounds regulate the expression of
several genes linked to photosynthesis (both in the chloroplast and in the nucleus), thus
providing the basis for the feedback response of photosynthesis to the environment, or in
other words, the adjustment of energy production to consumption. Redox signalling
molecules include some key electron carriers, such as plastoquinone pool, or electron

acceptors (e.g. ferredoxin/thioredoxin system) as well as reactive oxygen species (ROS;

Chaves & Oliveira, 2004).

1.4.1 Reactive oxygen species
Reactive oxygen species (ROS) can be produced when an organism is exposed to a
variety of abiotic stresses or during the course of normal aerobic metabolism. Widespread
damage to biological macromolecules may occur due to ROS (Apel & Hirt, 2004). In plant
metabolism the major sources of ROS are the photosynthetic electron transport,
photorespiration, respiration, and also many other enzymatic and non-enzymatic reactions
(Fig. 1.5; Foyer & Noctor, 2000). Examples include:
(1) in the chloroplast, superoxide is produced by reduction of oxygen at the electron
acceptor site of photosystem I;
(i1) in photorespiration, molecular oxygen is reduced by glycollate oxidase in the

peroxisome under formation of H,0,, which is disproportionated by catalase; and
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(i) NAD(P)H dehydrogenases and the cytochrome bc; complex are the basic sites of
superoxide production in the mitochondria. While superoxide is rapidly dismutated to

H,0; by a mitochondrial manganese superoxide dismutase, the metabolism of H,0; is

not yet clear (Foyer & Noctor, 2000).

These examples show that each cellular compartment must cope with ROS to avoid oxidative
stress within cells. These reactive oxygen species can also act as signals modulating gene
expression, enzyme activities or defence reactions.

The intracellular concentration of ROS is controlled by the plant detoxifying system,
which includes ascorbate and glutathione pools. Accumulating evidence suggests that these
compounds are implicated in redox signal transduction, acting as secondary messengers in
hormonal-mediated events (Foyer & Noctor, 2003), namely stomatal movements (Pei et al.,

2000).
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Figure 1.5 Generation of different ROS by energy transfer or sequential univalent reduction of

ground state triplet oxygen (Apel & Hirt, 2004).

1.4.2 Reactive nitrogen species

Peroxinitrite produced in the mitochondrial electron-transfer chain results in the
formation of reactive nitrogen species (RNS). Nitric oxide, a RNS, acts as a signalling
molecule, in particular by mediating the effects of hormones and other primary signalling
molecules in response to environmental stimuli. It may act by increasing cell sensitivity to
these molecules (Neill et al., 2003). Recently, nitric oxide was shown to play a role as an
intermediate of ABA effects on guard cells (Hetherington, 2001; Neill et al., 2003). Like
H,0,, nitric oxide may be also involved in stress perception by the apoplast, since this
compartment can be a major site of its synthesis. It is also likely that both nitric oxide and

H,0, are synthesised in parallel and act in a concerted way in a number of physiological
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responses, including stomatal responses to environmental stresses. Although the links
between dehydration and nitric oxide are not yet fully resolved, it seems that some of
signalling components down-stream of nitric oxide and H,O, in the ABA induced stomatal
closure are calcium, protein kinases, and cyclic GMP (Desikan et al., 2004). Nitric oxide also
serves as an antioxidant by interacting with ROS produced under different stresses, such as
superoxide, and by inhibiting lipid peroxidation. However, if nitric oxide is produced in
excess it may result in nitrosative stress (Neill et al., 2003). The balance between nitric oxide
and H,O, also seems to play a role in some critical cellular responses, including programmed

cell death (Chaves & Oliveira, 2004).

1.4.3 Hydrogen peroxide as a signalling molecule

Hydrogen peroxide acts as a local or systemic signal for leaf stomata closure, leaf
acclimation to high irradiance and the induction of heat shock proteins (Karpinska et al.,
2000; Pastori & Foyer, 2002). The effects of H,O, on guard cells were first reported in Vicia
faba by McAinsh et al. (1996), who found that exogenous applications of H,O, induced an
increase in cytosolic calcium as well as stomatal closure. On the other hand, ABA applied to
guard cells of Arabidopsis was shown to induce a burst of H,O, that resulted in stomatal
closure (Pei et al., 2000; Desikan et al., 2004). However, when H,O, production exceeds a
threshold, programmed cell death might follow.

Hydrogen peroxide and other redox compounds play an important role in the stress
perception of the apoplast, which acts as a bridge between the environment and the symplast.
Pastori & Foyer (2002) observed that H,O, is transported from the apoplast to the cytosol
through aquaporins, suggesting that the regulation of signal transduction can also occur via
the modulation of transport systems. The interplay between the signalling oxidants and their
antioxidants counterparts, in particular ascorbic acid, the most important buffer of the redox
state in the apoplast, are key factors of the regulation in plant growth and defence in relation

to biotic and abiotic stresses (Pignocchi & Foyer, 2003).

1.5 PEROXIREDOXINS
1.5.1 Functional significance of peroxiredoxins

Peroxiredoxins (Prxs) are abundant low efficiency peroxidases located in distinct cell
compartments including the chloroplast and mitochondria (Dietz, 2003). The first Prx was
isolated from yeast by identifying a protein fraction that protected DNA from oxidative

damage and protected sensitive enzymes from oxidative inactivation in vitro (Finkemeier et
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al., 2005). In these studies, the authors employed a mixed function oxidation system
containing Fe**, O, and dithiothreitol (DTT) used to initiate oxidative damage to
macromolecules. Addition of a Prx suppressed damage development (Finkemeier et al.,
2005). These antioxidant enzymes are characterised as peroxidases with broad substrate
specificity, reducing diverse peroxides such as H,0,, alkyl hydrogen peroxides and
peroxinitrite to water and the corresponding alcohol, and water and nitrite, respectively
(Bryke et al., 2000). Peroxiredoxins have been shown to detoxify ROS (Brehelin et al., 2003),
RNS (Peng et al., 2004) and reactive sulphur species (RSS; Chae et al., 1994a).
Peroxiredoxins function in antioxidant defence in photosynthesis, respiration, stress response

and redox signalling.

1.5.2 Four types of plant peroxiredoxins

A genome wide search in A. thaliana led to the identification of members of all four
Prx subfamilies with a total of 10 genes (Table 1.2; Horling et al., 2002; Dietz, 2003). Prxs
have one or two essential cysteines in conserved sequences and can be divided into four
subgroups: 1-Cys Prx, 2-Cys Prx, PrxQ, and type II Prx (Horling et al., 2003).

This family of peroxidases reduces H,O, and alkyl hydroperoxides to water and
alcohol, respectively, with the use of reducing equivalents provided by thiol containing
proteins (Rhee et al., 2001; Hofmann et al., 2002). Unlike other peroxidases such as ascorbate
peroxidase, Prx does not depend on a prosthetic group like heme (Horling et al., 2002). The
four Prx subgroups can be distinguished by their reaction mechanisms. The reaction
mechanism comprises three steps: oxidation, derivatisation, and regeneration of ground state
(Hofmann et al., 2002). All Prx enzymes contain a conserved catalytic cysteine residue at the

amino terminal and exist as homodimers.

1.5.2.1 1-Cys Prx

The 1-Cys peroxiredoxin was the first Prx type identified in plants and was
characterised as a dormancy related protein. The 1-Cys Prx is localised to the nucleus as well
as the cytosol and is suggested to protect macromolecules from oxidative damage (Stacy et
al., 1996, 1999). Rouhier & Jacquot (2005) report that all plant Prxs, except 1-Cys Prx, have
been shown to reduce a broad range of hydroperoxides, from the most simple compound
(H,0,), to alkyl hydroperoxides such as t-butyl hydroperoxide or cumene hydroperoxide, and
to more complex phospholipid hydroperoxides such as linoleic acid, phophatidylcholine, or

phophatidylcholine dilinoleylhydroperoxides (Brehelin et al., 2003; Rouhier et al., 2004a, b).
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Table 1.2 Characterisation of peroxiredoxins identified in 4. thaliana. The third column displays the
amino acid length of the pre-protein (AA) and the predicted targeting address (tp),
respectively; the fifth column displays isoelectric point (IEP); the sixth column displays

the position of conserved Cys residues in the mature protein (adapted from Dietz, 2003)

MIPS* accession AA/tp kDa IEP Position of Subcellular location

numbers Cys-residues

1-Cys Prx Atl1g48130 216/- 241 6.14 46 Nucleus
2-Cys Prx

A At3g11630 266/83 29.1 491* 36,158 Chloroplast

B At5g06290 271/88 29.6 4.71* 36,158 Chloroplast
PrxQ At3g26060 216/57 23.7 5.53* 54,59 Chloroplast
Type II Prx

A At1g65990 553 62.7 6.04 51,76 Pseudogene

B At1g65980 162 174 517 51,76 Cytosol

C At1g65970 162 174 533 51,76 Cytosol

D At1g60740 174 19.2 6.1 51,76 Cytosol

E At3g52960 234/70 247 5.03* 51,76 Chloroplast

F At3g06050 199/28 212 6.29* 59,84 Mitochondrion

*MIPS refers to Munich information centre for protein sequences

*]EP calculated without transit sequence

A 1-Cys peroxiredoxin (XvPerl) isolated from X. viscosa showed that the protein is
highly abundant under stress conditions. The XvPerl protein is localised to the nucleus of X.
viscosa leaf cells under conditions of dehydration stress and upon treatment with ABA
(Mowla et al., 2002; Mowla, 2005). The XvPer1 protein was also found to be localised to the
cytosol as has also been observed for the Barley orthologue (Perl; Stacy et al., 1999). Stacy et
al. (1999) postulated that during active protein translation, Per1 is present in the cytosol, but is
thereafter translocated to the nucleus. Alternatively, or additionally, Perl might be performing
different tasks in the cytosol and nucleus, which is specific to the tissue type. Tobacco seeds
in which the rice 1-Cys Prx was over-expressed were less susceptible to H,O,-mediated
oxidative damage. This supports the hypothesis that 1-Cys Prx protects the embryo and the
aleurone layer from oxidative damage during desiccation of the seed. The protein is nuclear

localised, which means that it might protect DNA and the nuclear machinery of transcription
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(Stacy et al., 1999). The yeast and the barley 1-Cys Prx were found to protect DNA from
nicking in a mixed function oxidation DNA protection assay (Dietz, 2003). A rice orthologue
has been identified in dormant seeds with the /-Cys Prx transcript rapidly decreasing to low
levels as germination proceeded (Lee et al., 2000).

Very little is known about the reaction mechanism of 1-Cys Prxs (Fig. 1.6). These Prxs
lack the C terminal cysteine and the N terminal cysteine is oxidised during the catalytic cycle
but the resulting Cys-SOH cannot form a disulphide because no other Cys-SH is available.
Although the physiological reductant of the 1-Cys Prx remains to be identified it may possibly
be a reductase or another thiol whose cysteine residue reacts with the sulphenic acid residue
first and liberates H,O. Subsequently, a second Cys residue attacks the intermolecular
disulphide bridge to form an intra-molecular disulphide bridge, thereby regenerating the
functional Cys-residue of the Prx. In vitro studies show that DTT is able to support the
regeneration of these Prxs (Rhee et al., 2005). Whether reduced glutathione (GSH) also can
serve as an electron donor is controversial (Kang et al., 1998a; Peshenko et al., 1998; Fisher et
al., 1999).

The 1-Cys Prx possesses a nuclear bipartite signal, which targets the protein to the
nucleus of barley embryos and aleurone cells (Stacy et al., 1999), but GFP experiments also
localised the protein to the cytosol (Haslekas et al., 2003a). Previously, 1-Cys Prxs were only
detected in seed tissues and the protein was proposed to play a role in the maintenance of
dormancy and in the protection of seed tissues against oxidative injury (Haslekas et al., 1998;
Lee et al., 2000) but recent reports indicate that it is also expressed in vegetative tissues
(Mowla et al., 2002) and that the germination process is not influenced in plants devoid of 1-
Cys Prx or possessing a constitutive expression (Lee et al., 2000; Haslekas et al., 2003a).
Seeds over expressing 1-Cys Prx and submitted to oxidative stress have a reduced capacity to
germinate (Haslekas et al., 2003a). This protein could therefore play a role in the regulation of
germination by preventing it under unfavourable conditions. The over-expression of A.
thaliana 1-Cys Prx was also found to be under the control of antioxidant and abscisic acid
promoter responsive elements (Haslekas et al., 2003b). In X. viscosa, Mowla et al. (2002)

showed that a 1-Cys Prx was induced in vegetative tissues in response to abiotic stresses.
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Figure 1.6 Illustration of the proposed catalytic mechanisms of H,0, reduction and Prx regeneration
for the four Prx groups. The proteins are represented by pins with the knob being the N-
terminus (adapted from Rouhier & Jacquot, 2002).
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1.5.2.2 2-Cys Prx

The second member of the Prx family to be identified was the 2-Cys Prx. These
proteins are nuclear encoded and targeted to the chloroplast where they protect the
photosynthetic membrane from oxidative damage (Baier & Dietz, 1997; Baier & Dietz,
1999). The 2-Cys Prx functions as a homodimer with a head-to-tail arrangement. The barley
2-Cys Prx complemented peroxide sensitivity of AhpC-deficient E. coli (Baier & Dietz,
1997). Heterologously expressed 2-Cys Prx reduced H,0,, cumene hydroperoxide, tert-
butylhydroperoxide (Choi et al., 1999; Kénig et al., 2002) and other hydroperoxides (Konig et
al., 2002; Konig et al., 2003).

The catalytic unit of the 2-Cys Prx is the homodimer (Fig. 1.6). For the 2-Cys it was
found that two catalytic cysteines at positions 36 and 158 are crucial for peroxide reduction
(Horling et al., 2002). The first step involves the reduction of the peroxide by the N terminal
cysteine residue of one subunit resulting in a sulphenic acid intermediate (Cys-SOH), which
then interacts with the C terminal cysteine of the other subgroup forming an intermolecular
disulphide bond in the homodimer. By mutating both cysteine residues with a serine no Prx
activity was observed (Konig et al., 2002). Crystal structures of animal homologues of 2-Cys
Prx show large conformational changes during the catalytic cycle including partial unwinding
of the active site helix in the vicinity of the N terminal cysteine (Hirotsu et al., 1999; Schroder
et al., 2000). These Prxs are regenerated by thioredoxins.

The 2-Cys Prx are thylakoid bound chloroplastic enzymes (Konig et al., 2002) found
in nearly all plant tissues except roots (Cheong et al., 1999; Broin et al., 2002). The
expression of 2-Cys Prx was observed to decrease with leaf age, even if the protein content
was maintained at a high level in old leaves (Horling et al., 2002). Its regulation was also
observed to be regulated under salt stress or ascorbate treatments or by changes in
illumination and in oxygen concentration (Horling et al., 2001; Goyer et al., 2002; Horling et
al., 2002, 2003) whereas it is not or only slightly modified in response to oxidative treatments
with diamide or H,0, (Kandlbinder et al., 2004). Some chloroplast proteins were damaged
and photosynthesis was impaired in antisense A. thaliana plants suggesting a protective
function of the photosynthetic apparatus for 2-Cys Prx. In co-suppressed CDSP32 potato
mutants (Broin & Rey, 2003), drought or methyl viologen treatments led to an increase in
lipid peroxidation in thylakoids, concomitant with over oxidation of 2-Cys Prx. This suggests
that the absence of CDSP32 prevents the reduction of 2-Cys Prx under these stress conditions

and thus its action against lipid peroxidation of the photosynthetic membranes.
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1.5.2.3 Type II Prx

Verdoucq et al. (1999) isolated a target protein of cytoplasmic thioredoxin h with
antioxidant activity in A. thaliana. This Prx was demonstrated to be a new member of the
peroxiredoxin family (type II Prx). Type Il Prxs were simultaneously identified in yeast
(Jeong et al., 1999) and Chinese cabbage (Choi et al., 1999). The latter is a small protein (17.5
kDa) and has two Cys residues (positions 51 and 76). This type II protein protected glutamine
synthetase from oxidative inactivation and possessed H,O, reduction activity with yeast
thioredoxin as the electron donor (Choi et al., 1999). This activity was also shown for the
Arabidopsis type 11 C Prx (Horling et al., 2002). A type II Prx was identified in the
xylem/phloem library of Populus trichocarpa, and was observed to be preferentially
expressed in the sieve tubes (Rouhier et al., 2001). In vitro, PtPrxIl was regenerated by both
glutaredoxin and thioredoxin h with similar efficiency and reduced H,O,, tBOOH and COOH.
Rouhier et al. (2001) stated that natural fusions of Prx and glutaredoxin (Grx) motifs are
found in some prokaryotes such as Vibrio cholerae.

Type II Prx forms an intramolecular disulphide bond during the catalytic cycle (Fig.
1.6). A 25 amino acid intervening sequence separates the two cysteines unlike PrxQ. Analysis
of the human orthologue suggests that the sulphhydryl group corresponding to Cys 51 in
Arabidopsis is the site of initial oxidation by the peroxide substrate and that the oxidised
cysteine reacts with the C terminal sulphhydryl group and forms an intramolecular disulphide
bridge (Seo et al., 2000). Rouhier et al. (2001) showed that PtPrxII can be regenerated by both
thioredoxins and glutaredoxins with similar efficiencies in vitro whereas 4. thaliana PrxIIB is
only reduced by Grxs but not by Trxs (Brehelin et al., 2003). In Arabidopsis, the in vivo
interaction of a type Il Prx with cytosolic thioredoxin h was demonstrated by Verdoucq et al.
(1999). The crystal structure of the human orthologue reveals a distance of 13.8 A between
both cysteine residues, indicating that a major conformational change is necessary to form the
disulphide bridge between the catalytic cysteine residues upon oxidation (Declercq et al.,
2001). Echalier et al. (2005) showed for the first time that the combination of the crystal
structure and the solution NMR dynamics provides evidence of a conserved homodimeric
state of the reduced Prx in the crystal and in solution. It was also reported that the Prx-Prx
interface involves a surface perpendicular to the B sheet with conserved interfacial residues,
which suggests that all type II (D) Prxs could homo-dimerise.

Type II Prxs are ubiquitous in that they are expressed in all plant organs (Choi et al.,
1999; Rouhier et al.,, 2001; Brehelin et al., 2003). The A. thaliana PrxIIB, C and D are
cytosolic, PrxIIE chloroplastic and PrxIIF mitochondrial (Kruft et al., 2001; Brehelin et al.,



24

2003). PrxIIF is constitutively expressed in all tissues tested and its expression is not or very
slightly modified whatever the treatments applied, suggesting a housekeeping function for this
homologue in mitochondria (Baier et al., 2000; Horling et al., 2002; Brehelin et al., 2003;
Horling et al., 2003). In A. thaliana PrxIIE is expressed mostly in reproductive tissues and
variation of its expression is in general comparable to other chloroplastic nuclear encoded
Prxs, i.e., 2-Cys Prx A and B (two types of 2 Cys Prxs are found in A. thaliana named Prx A
and Prx B) and PrxQ. Its expression is thus modified following changes in illumination,
decreased in response to ascorbate or NaCl treatments but unaltered following oxidative
conditions (Horling et al., 2002, 2003).

The PrxIIB and PtPrxII genes from A. thaliana and poplar, respectively are expressed
in all tissues tested (Rouhier et al., 2001; Brehelin et al., 2003), whereas the expression of
PrxIIC and D is almost restricted to pollen (Brehelin et al., 2003). Surprisingly, poplar PtPrxII
was detected by immuno-localisation in plastid-like structures of phloem sieve tubes (Rouhier
et al.,, 2001). This localisation could be explained as cross-hybridisation of the antibody
between different Poplar homologues as there was no signal peptide in the native protein
(Dietz, 2003). Horling et al. (2002) reported that in Arabidopsis, PrxIIE (chloroplastic) as
well as PrxIIB (cytosolic) was able to be recognised by an antibody raised against PrxIIC
(cytosolic). Changes in expression for Prx/[D were not always described, since it was only
recently found to be expressed (Brehelin et al., 2003). Nevertheless, the transcript amount is
strongly increased in leaves of phosphorus-deprived plants (Kandlbinder et al., 2004). In 4.
thaliana, the expression of Prx/IB is increased upon salt or t-BOOH exposure, but is largely
unaffected by ascorbate and light changes (Horling et al., 2002, 2003). The Prx/IC expression
is low under steady-state conditions, but is in general strongly affected by salt, ascorbate, and
oxidative treatments or by plant phosphorus deprivation (Horling et al., 2002, 2003;
Kandlbinder et al., 2004). Finally, the PtPrxII protein content is modified in response to a
pathogenic attack of poplar by the rust fungus Melampsora larici-populina (Rouhier et al.,
2004a). The PtPrxII amount increases during an incompatible reaction and decreases during a
compatible reaction, indicating that the regulation of its expression and of plant peroxide

levels varies as a function of the infection.

1.5.2.4 PrxQ
The fourth group of Prx was initially identified in Sedum lineare (Kong et al., 2000) as
a homologue of E. coli bacterioferritin co-migratory protein (Bep). In Arabidopsis, a single

PrxQ gene has been identified (Dietz et al., 2002). The active PrxQ is a monomer and reduces
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H,0,, tBOOH, and COOH and is regenerated by thioredoxin (Fig. 1.6). In the absence of the
bep gene E. coli is highly sensitive to tBOOH and COOH. The mutant phenotype reverted
upon heterologous expression of the S. lineare Prx, proving the function of PrxQ as an
antioxidant in vivo (Kong et al., 2000).

PrxQ also contains two cysteine residues in its amino acid sequence with both essential
for its catalytic activity. The amino terminal cysteine is located in the same position as in the
2-Cys Prxs but the second cysteine is situated only 5 amino acid residues away from the first.
The thioredoxin dependent peroxidase activity was abolished by mutating either of the two
cysteines (Kong et al., 2000). This indicates that both cysteines are catalytic and form the
intramolecular disulphide bond upon oxidation.

In Poplar, PrxQ (targeted to the chloroplast) is only expressed at detectable levels in
leaves but not in stems or roots (Rouhier et al., 2004a). Its expression pattern during
Melampsora larici-populina infection is similar to PtPrxIl, both in compatible or
incompatible reactions (Rouhier et al., 2004a). Levels of PrxQ also decrease with leaf age,
upon salt stress or ascorbate addition, and after transfer from adequate light to low light
(Horling et al., 2002, 2003). An increase in PrxQ is observed under conditions of high light

and in response to oxidative stress conditions (Horling et al., 2003).

1.5.4 Electron donors involved in the reduction of peroxiredoxins
1.5.4.1 Glutaredoxins and thioredoxins

The thiol redox status of the cytosol is maintained by the thioredoxin (Trx) and the
glutathione/glutaredoxin (GSH/Grx) systems. Both Trx and Grx are small heat stable
disulphide oxidoreductases with the conserved active site, CXXC, which is required for their
redox properties. The Grxs are maintained reduced with the help of NADPH, glutathione
reductase and GSH, whereas cytosolic and mitochondrial Trx are reduced by NADPH and
NADPH thioredoxin reductase. A characteristic of Grxs is their efficiency in reducing protein
and GSH, using only the first catalytic cysteine of the active site (Starke et al., 2003). Qin et
al. (2000) reported that Grxs can reduce disulphides with a dithiol mechanism using both their
active site cysteines and that Grxs can utilise a mono-thiol mechanism for the reduction of
mixed disulphides between proteins and GSH. Both Trx and Grx are able to reduce Prxs and
non-heme peroxidases that catalyse the reduction of hydroperoxides (Chae et al., 1994a;
Roubhier et al., 2002). In 4. thaliana and presumably in all higher plants there are at least 26
Trx homologues and 31 Grx homologues predicted to be located in various cellular

compartments and this is excluding the significant set of Trx and Grx like proteins (Meyer et
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al., 2002; Rouhier et al., 2004c). Currently, very few plant Grxs have been characterised in
terms of expression, localisation, or biochemical and structural data (Rouhier et al., 2004c),
whereas the function of most Trx homologues has been characterised in various plant

subcellular compartments (Schiirmann & Jacquot, 2001).

1.5.4.2 Sulphiredoxin

The ability of the yeast protein sulphiredoxin (Srx1) to repair or reduce the over-
oxidised state of a yeast 2-Cys Prx called Tsal (Biteau et al., 2003) was unexpected, as Cys
sulphinic and sulphonic acid generation was considered to be biologically irreversible
(Claiborne et al., 1999; Hamann et al., 2002). Purified Srx1 was able to reduce over-oxidised
Tsal in the presence of ATP and Mg** or Mn®" (Biteau et al., 2003). A reductant, either DTT
or Trx, was also required for the reduction of Tsal-SO;" to the Tsal-SH form. Given the
requirement for ATP hydrolysis, generation of a sulphinic phosphoryl ester (Cys-SpOzPO32')
intermediate was proposed. The inactivity of the Cys84Ser mutant also led Biteau et al.
(2003) to further hypothesise the nucleophilic attack of Cys84-SH of Srxl on the
phosphorylated intermediate, resulting in formation of a thiosulphinate bond. Resolution of
this complex with a reductant (e.g. Trx or GSH) in this proposed mechanism would then
return both enzymes to their reduced states through putative Prx-Cys-S,OH and Srx1-S-S-R
intermediates. The structure of the human Srx (hSrx) crystal structure was determined to
discern the molecular basis for the novel sulphur chemistry of Srx and its interactions with
Prxs. The structures reveal a new protein fold and a novel nucleotide binding motif.
Biochemical analysis has also confirmed the site of ATP cleavage during the first of the
catalytic reaction. The overall concave shape of the hSrx active site surface suggests that hSrx

is ideally suited to interacting with the over-oxidised, doughnut like Prx decamer (Jénsson et

al., 2005).

1.6 SIGNIFICANCE OF THIS STUDY

Water has become a major limiting factor in South Africa’s agriculture. Environmental
stresses have been the scourge of agriculture over the ages, bringing with them poor harvests
and the threat of famine. In general, most crop plants are highly sensitive to even a mild
dehydration stress. Today, the importance of crop resistance to water stress, extremes of
salinity, and harsh temperature is likely to increase further as the range of environments in
which crops are cultivated expands and the incidence of extreme weather conditions increases

with the spectre of global warming. Many stress inducible genes have been identified over the
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past decade and their functional roles in stress tolerance have recently been elucidated. The
improvement of crop stress tolerance by targeting stress-related genes for genetic
manipulation is therefore now feasible. Resurrection plants, such as X. viscosa, which can
tolerate extreme water loss (greater than 90%) or desiccation makes them ideal systems to
study desiccation stress tolerance. The isolation of stress inducible promoters and the driving
of stress inducible genes in transgenic crops can lead to striking improvements in plant
tolerance to abiotic stresses such as low temperature, salt and mainly dehydration/drought
stress. Genes isolated from such plants can be used to improve drought tolerance of essential
crops such as maize, wheat and rice. To ensure that the responses of the transformed plants to
desiccation and water stress treatments are agronomically relevant, plants must be subjected
to the drought regimes that crops experience in the fields. This will greatly benefit the
agricultural sector in South Africa. This would also provide developing countries within sub-
Saharan Africa with the potential to produce crops that would be able to withstand the harsh
dessert conditions and possibly provide greater yields. This should impact favourably on the
levels of starvation and malnutrition that occurs in this geographical region.

The aim of this study was to characterise a type II peroxiredoxin (XvPrx2) isolated
from the resurrection plant X. viscosa on a molecular and biochemical basis. The following
objectives were pursued in order to achieve this goal:

(i) Synthesis of a full-length cDNA library from low temperature stressed X. viscosa;
(i) Molecular characterisation of a type II peroxiredoxin (XvPrx2);

(a) Southern blot analysis to estimate the copy number of the gene in the X. viscosa
genome;

(b) Northern blot analyses to determine the expression patterns of XvPrx2 in response
to abiotic stresses such as dehydration, low temperature, salt, abscisic acid, high
temperature and high light stress;

(c) 2-D gel electrophoresis to identify homologues and to determine the pl.

(ii1) Localisation of XvPrx2;
(a) Large scale protein expression and purification for antibody generation;
(b) Sub-cellular localisation of XvPrx2;

(iv) Biochemical characterisation of a type II peroxiredoxin (XvPrx2);

(a) Assessing the antioxidant activity of XvPrx2 in vitro as well as in vivo;

(b) Generation of a point mutation in XvPrx2;

(c) Enzyme assays assessing various electron donors as well as substrates; and

(d) Determining conformational change of XvPrx2 using limited proteolysis.
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Chapter 2

Molecular characterisation of XvPrx2

2.1 INTRODUCTION

Environmental stresses such as drought, low/high temperature and salinity impact
negatively on the quality and quantity of crop yield. Resurrection plants, such as X. viscosa,
possess effective mechanisms for coping with drought stress by being able to survive severe
water loss in excess of 90% and therefore potentially represent a rich source of regulatory
mechanisms that confer tolerance to abiotic stresses.

Due to the ability of X viscosa to withstand severe desiccation stress, genes
upregulated during abiotic stress and specifically those that are involved in oxidative
processes were sought. The following objectives were pursued to achieve this goal:

(i) synthesis of a cDNA library of X viscosa from cold temperature stressed X. viscosa;
(i) 1initial characterisation of selected genes; and

(iif) further characterisation of a single gene potentially involved in oxidative processes.
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2.2 MATERIALS AND METHODS
2.2.1 Collection of plant material and stress treatment

The X viscosa plants were collected from Cathedral Peak Nature Reserve in the
Drakensberg mountains (KwaZulu-Natal, South Africa). Plants were grown under green-
house conditions as described by Sherwin & Farrant (1996). A single plant was used for a low
temperature stress analysis. Two leaves were initially excised from the plant prior to the plant
being exposed to low temperature (non-stressed sample). The plant was incubated for 60 h at
4°C; thereafter two leaves were excised (stressed sample). Leaves were dissected into minute

pieces and flash frozen in liquid nitrogen.

2.2.2 RNA extraction

All plastic and glassware used were double autoclaved; all solutions were prepared
using DEPC water. Plant material was ground in liquid nitrogen using a mortar and pestle.
The ground material was maintained at low temperature (4°C) to prevent RNA degradation.
Seven hundred and fifty microlitres of Trizol (Invitrogen Life Technologies, USA) was added
to Eppendorf tubes containing ground plant material. The mixture was vortexed for 5 min and
thereafter incubated for 5 min at RT. Two hundred microlitres of chloroform was added to the
homogenised sample. Samples were mixed gently by inversion (ca. 1 min). Tubes were
incubated for 3 min at RT followed by centrifugation for 15 min at 12000 x g at 4°C. The
aqueous phase was transferred into a fresh Eppendorf tube using a pipette. The organic phase
was discarded. Five hundred microlitres of isopropanol was added to the aqueous phase.
Tubes were incubated for 10 min at RT to allow for precipitation of DNA. The RNA was
pelleted by centrifugation for 10 min at 12000 x g at 4°C. The supernatant was discarded. The
RNA pellet was washed in [ ml of cold 75% ethanol (EtOH). RNA samples were centrifuged
for 5 min at 6000 x g at 4°C and the EtOH was discarded. RNA samples were briefly
centrifuged and the remaining EtOH removed with a pipette. The RNA pellet was air-dried
for ca. 10 min. Fifty microlitres of DEPC water was added to the RNA pellet. Tubes were

incubated for 5 min at 55°C to assist in resuspension of RNA pellets.

2.2.3 Generation of a full-length Xerophyta viscosa cDNA library
A full-length X. viscosa cDNA library was synthesised using the Creator SMART
cDNA library synthesis kit (Clontech, USA). All procedures were carried out according to the

manufacturer’s instructions.
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2.2.3.1 First strand cDNA synthesis

An RNA-oligonucleotide mix (X. viscosa RNA, Smart IV, CDSIII) was prepared in a
volume of 5 pul (Table 2.1). The mix was combined in a sterile Eppendorf tube, mixed gently,
briefly centrifuged and thereafter incubated for 2 min at 72°C. Samples were subsequently
incubated for 2 min on ice. The final components (buffer, DTT, dNTPs and reverse
transcriptase) required for the reverse transcription reaction were added to the RNA-
oligonucleotide mix (Table 2.1). The reaction components were mixed gently, briefly
centrifuged and thereafter incubated for 1 h at 42°C. First strand cDNA synthesis was

terminated by placing the samples on ice. Samples were stored at -20°C.

Table 2.1 Components of the first strand cDNA synthesis reaction

Component Volume (ul)
RNA (1 pg) % (1-3)

Smart IV (10 uM; Appendix B) 1

CDSIII (10 uM; Appendix B) 1

Deionised H,0O make up volume to 5 ul
First strand buffer (5X) 2

DTT (20 mM) 1

dNTPs (10 mM) 1
Powerscript Reverse Transcriptase (100 U. pl']) 1

2.2.3.2 ¢cDNA amplification by long distance PCR

Amplification of cDNA by long distance PCR was performed using the Advantage 2
PCR system (Clontech, USA). The long distance PCR reaction was prepared in a total volume
of 100 pul (Table 2.2). Reaction components were mixed by gentle flicking of the tube,
followed by brief centrifugation to collect the contents at the bottom of the tube. Tubes were
placed in a preheated (95°C) thermal cycler (Gene Amp 9700; Perkin Elmer Applied
Biosystems, USA). Cycling conditions were as follows: 95°C for 20 s; 20 cycles of 95°C for
5 s and 68°C for 6 min. A 5 pl aliquot of the PCR product was analysed on a 1%

agarose/ethidium bromide (EtBr) gel. Samples were stored at -20°C.
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Table 2.2 Components of the second strand cDNA synthesis reaction

Component Volume (pul)

First strand cDNA 2

Advantage 2 PCR buffer (10X) 10

dNTPs (50X) 2

5’ PCR primer (10 uM; Appendix B) 2

CDS III (10 pM) 2

Advantage 2 Polymerase mix (50X) 2

Deionised H,O make up volume to 100 pl

2.2.3.3 Proteinase K digestion

Two micrograms of amplified double stranded (ds) cDNA was pipetted into a sterile
Eppendorf tube, containing 40 pg proteinase K. The reaction components were mixed gently,
briefly centrifuged and thereafter incubated for 20 min at 45°C. Fifty microlitres of deionised
water was added to the sample. A further 100 pl of phenol:chloroform:isoamyl alcohol
(25:24:1) was added and mixed by gentle inversion (ca. 1 min). The sample was centrifuged
for 5 min at 12000 x g to separate the organic and aqueous phases. The upper aqueous layer
was carefully transferred to a sterile Eppendorf tube using a pipette (the interface and lower
layer were discarded). One hundred microlitres of chloroform:isoamyl alcohol (24:1) was
added and mixed by gentle inversion (ca. 1 min). The sample was centrifuged for 5 min at
12000 x g to separate the organic and aqueous phases. The upper aqueous layer was carefully
transferred to a sterile Eppendorf tube using a pipette (the interface and lower layer were
discarded). Ten microlitres sodium acetate (3 M), 1.3 ul of glycogen (20 pg.ul™) and 260 pl
of RT 95% EtOH were added to the aqueous layer. Samples were centrifuged for 20 min at
12000 x g at RT. The supernatant was carefully removed and discarded using a pipette
ensuring that the pellet was not disturbed. The DNA pellet was washed with 100 ul of cold
80% EtOH. The pellet was air-dried for ca. 10 min to allow for evaporation of residual EtOH.

The DNA pellet was resuspended in 79 pl deionised water.
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2.2.3.4 Sfil digestion of ds cDNA

Digestion of the ds cDNA amplimers was set up in a sterile 0.5 ml tube in a total
volume of 100 ul. The reaction mix included 79 pl ds cDNA, 10 pl Sl buffer (10X), 10 pl
SAT (20U.ul™") and 1 pl BSA (100X). The reaction components were mixed well by gentle
flicking of the tube and incubated for 2 h at 50°C. At the end of the incubation period 2 pl of
1% xylene cyanol dye was added to the sample and mixed well by gentle flicking of the tube.

2.2.3.5 Size fractionation of ds cDNA

Sixteen Eppendorf tubes were labelled and arranged in a rack. The Chroma Spin-400
Column (Clontech, USA) for drip procedure was prepared according to the manufacturer’s
instructions. The column was inverted several times to completely resuspend the gel matrix.
A pipette was used to resuspend the matrix gently thus avoiding air bubbles. The bottom cap
was removed and the column fluid was allowed to drip naturally while the column was
attached to a ring stand. The storage buffer was allowed to drain through the column by
gravity flow until the surface of the gel beads in the column matrix (optimal volume ca. 1 ml)
was visible. An optimal flow rate of ca. 1 drop per 40-60 s was obtained with a volume of 1
drop being approximately 40 pl. Once the flow of storage buffer had ended, 700 pl of column
buffer was carefully added along the inner wall of the column and allowed to drain out (ca.
15-20 min). Samples (100 pl mixture of Sfil digested cDNA and xylene cyanol dye) were
carefully applied to the top centre surface of the matrix and allowed to be fully absorbed into
the surface of the matrix. The tube that previously contained the cDNA was washed with 100
ul of column buffer and this material was then carefully applied to the surface of the matrix.
The buffer was allowed to drain out of the column until no liquid was left above the resin.
Once dripping ceased with the dye layer several millimetres into the column the rack
containing the collection tubes were placed under the column so that the first tube was aligned
under the column outlet. Six hundred microlitres of column buffer was added and
immediately single drop fractions were collected (approximately 35 ul per tube) in tubes 1-16.
The column was recapped after the last fraction was collected. To assess the profiles of the
fractions, 3 pl of each fraction was electrophoresed for 10 min at 150 V on a 1.1%
agarose/EtBr gel separately but in adjacent wells. The peak fractions were visualised by
observing the intensity of the bands under UV light. Fractions containing DNA in the desired
size range were pooled in a sterile Eppendorf. The following reagents were added to the tube

with 3-4 pooled fractions containing the cDNA: 1/10 volume sodium acetate (3M, pH 4.8),
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1.3 ul glycogen (20 mg.ml"'1) and 2.5 volumes ice cold 95% EtOH. Samples were mixed by
gentle inversion (ca. 1 min), incubated overnight at -20°C and thereafter centrifuged for 20
min at 12000 x g at RT. The supernatant was carefully removed with a pipette leaving the
pellet undisturbed. The tube was briefly centrifuged to bring all residual liquid to the bottom.
Excess liquid was removed and the pellet was air dried for ca. 10 min. The DNA pellet was

resuspended in 7 pl deionised water and mixed well by gentle flicking of the tube.

2.2.3.6 Ligation of ds cDNA to pDNR-Lib

Pure ds ¢cDNA was ligated to Sfil digested, dephosphorylated pDNR-Lib vector
(Clontech, USA; Appendix C). Three ds cDNA to vector ratios were utilised to ensure
maximal ligation (Table 2.3). Ligation reactions were mixed well by gentle flicking of the
tube (being careful to avoid the production of air bubbles), briefly centrifuged and incubated
overnight at 16°C. Ninety five microlitres of sterile DEPC-treated H,O and 1.5 ul of glycogen
were added to each of the ligation reactions and mixed well with a pipette. Two hundred and
eighty microlitres of ice cold 95% EtOH was added. Samples were mixed well by gentle
inversion (ca. 1 min), incubated for 1 h at -70°C and thereafter centrifuged for 20 min at
12000 x g at RT. The EtOH was carefully removed without disturbing the pellet. The pellet
was air-dried and subsequently resuspended in 5 ul sterile DEPC-treated HO.

Table 2.3  Ligation of ds cDNA using three different insert to vector ratios

Component Ligation A (pl) Ligation B (ul) Ligation C (ul)
cDNA 0.5 1.0 1.5
pDNR-Lib (0.1 pg.put™) 1.0 1.0 1.0
Ligation buffer (10X) 0.5 0.5 0.5
ATP (10 mM) 0.5 0.5 0.5
T4 DNA ligase (400U.ul™) 0.5 0.5 0.5
Deionised H,O 2.0 1.5 1.0

2.2.3.7 Preparation of electrocompetent cells

Cells were maintained at 4°C throughout the procedure. A pre-chilled rotor (JA-14;
Beckman, USA) and centrifuge (J2-21M; Beckman, USA) were used for all centrifugation
steps. Cells were streaked onto fresh Luria Bertani (LB) agar plates and incubated overnight
at 37°C. A single colony was selected from the overnight culture and streaked onto a fresh LB

agar plate, which was incubated overnight at 37°C. A single colony was selected from the
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overnight culture and inoculated into 25 ml LB broth. The culture was incubated overnight at
37°C with shaking. A 1 litre flask of LB broth was inoculated with 10 ml of overnight culture.
The cells were cultured with vigorous shaking (225-250 rpm) at 37°C to an ODyg of between
0.5-0.7. The flask was incubated for 1 h on ice. The culture was transferred to sterile
centrifuge bottles and centrifuged for 15 min at 2800 x g at 4°C. The supernatant was
transferred to a sterile, centrifuge bottle and maintained on ice. The pellet was gently
resuspended in 1 litre of ice cold 10% glycerol. Cells were centrifuged for 15 min at 2800 x g
at 4°C. The pellet was gently resuspended in 0.5 litres of ice cold 10% glycerol. Cells were
centrifuged for 15 min at 2800 x g at 4°C. The pellet was gently resuspended in 25 ml of ice
cold 10% glycerol. Cells were centrifuged for 15 min at 2800 x g at 4°C. The pellet was
gently resuspended in 3.5 ml of ice cold 10% glycerol. One hundred microlitre aliquots were
prepared and immediately flash frozen in liquid nitrogen and stored at -80°C. The efficiency

of the competent cells was assessed by transforming with pBSK (Stratagene, USA).

2.2.3.8 Transformation of recombinant plasmids into electrocompetent cells

Electrocompetent cells were thawed on ice and used immediately upon thawing to
obtain maximum efficiency in electroporation. Nine hundred and seventy microlitres of LB
broth was added to five Eppendorf tubes labelled A, B, C, ‘+’ (pBSK; positive control) and *-’
(no DNA; negative control). Twenty five microlitres of thawed cells was added to each
ligation reaction mix (see section 2.2.3.6) and to the positive and negative controls. Each
transformation mix was transferred to a chilled 0.1 cm electroporation cuvette.
Electroporation conditions were as follows: voltage 1.8 kV, capacitance 25 pF and resistance
200 ohms. Cells were electroporated by electrical discharge and the cuvette immediately
removed from the chamber. The entire transformation volume was immediately transferred to
pre-labelled Eppendorf tubes containing 970 ul LB broth. Tubes were incubated for 1 h with
shaking (225 rpm) at 37°C. Eppendorf tubes labelled A, B, C, ‘+” and -’ each containing 50
ml LB broth were prepared during the incubation period. At the end of the 1 h incubation, 1 pl
of each transformation mixture was transferred to the respective tube containing 50 ul LB
broth and mixed gently by swirling. The remaining transformation mix was stored at 4°C. The
cells in LB broth were spread on pre-warmed 90 mm LB agar plates supplemented with 30 pg
.ml™" chloramphenicol (LB-Cm plate). The inoculum was allowed to soak into the plate for 10

min prior to being inverted and incubated overnight at 37°C.
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2.2.3.9 Pooling and amplification of transformants

Three confluent plates (containing several thousand colonies) were selected. Such
plates were estimated to produce a library of approximately 1 x 10° clones. The percentage of
recombinant clones in each transformation was determined. DNA from fifteen independent
clones were analysed from each transformation. Inserts were screened by digestion of
miniprep DNA with Sfil to excise inserts. The library was pooled on confirmation that 10 out
of 15 transformants had positive inserts, thus generating an unamplified library.

The LB-Cm plates were pre-warmed for 2 h at 37°C. An aliquot of the library was
thawed and placed on ice. One microlitre of the library was transferred to 1 ml of LB broth in
an Eppendorf tube (Dilution A; 1:10°) and mixed by gently vortexing. A 1 pl aliquot of
Dilution A was transferred to 1 ml of LB broth in an Eppendorf tube (Dilution B; 1:10%) and
mixed by gently vortexing. A second 1 pl aliquot of Dilution A was transferred to 50 pl of LB
broth in an Eppendorf tube, mixed by gentle vortexing and the entire volume spread onto a
pre-warmed LB-Cm plate. Fifty and one hundred microlitre aliquots were removed from
Dilution B and spread onto separate LB-Cm plates. Plates were incubated for 20 min at RT to
allow the inoculum to soak into the agar prior to being inverted and incubated overnight at
37°C. Colony numbers were determined to estimate the titre (cfu.ml™):

(cfu in Dilution A) x 10° x 10° = titre of Dilution A
(cfu in Dilution B) / plating volume x 10° x 10° x 10° = titre of Dilution B
(titre of Dilution A) + (titre of Dilution B) / 2 = average library titre

The library was plated directly on selective medium (LB-Cm plates) at a high enough
density so that the resulting colonies were nearly confluent (ca. 20 000 cfu per 150 mm plate).
Sufficient cfus were plated to obtain at least 3 times the number of independent clones in the
library. The number of plates to be used was determined:

(# of independent clones) x 3 = # of clones

The number of independent clones is the number of independent clones present in the library
prior to amplification.

(# of clones) / (20 000 cfu) = # of plates

The amount of library stock to spread on each plate was determined:

(# of clones) / (library titre) = microlitres of library to plate

The volume of media needed to plate 150 pl of the library on each plate was calculated:

(# of plates) x 150 pul =y pl
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Ten microlitres of the library was added to y pl of LB-Cm broth. One hundred and
fifty microlitres of this culture was spread onto each pre-warmed (3 h at 30°C) LB-Cm plate
and incubated for 18-20 h at 37°C. Five millilitres of LB broth and 25% glycerol were added
to each plate and colonies were scraped into liquid. All the resuspended colonies were pooled
in a single 50 ml Sterilin tube and mixed thoroughly. Five 1 ml aliquots of the library culture
were set aside (stored at -80°C) in the event that it was necessary to re-amplify the library at a
later time. The remainder of the library culture was divided into 50 pl aliquots and thereafter
stored at -80°C.

After the library had been titered and amplified a 50 ul aliquot was screened for insert
sizes larger than 500 bp. Plasmid DNA was isolated from 60 cDNA clones using the High
Pure Plasmid Extraction kit (Roche, Germany) according to the manufacturer’s instruction.
Ten microlitres of purified recombinant plasmid was digested with Sfil. The ds cDNA insert
within the pDNR-Lib vector is flanked by two Sfil sites hence digestion produced two DNA
fragments corresponding to the insert and the pDNR-Lib vector backbone. Plasmid DNA was
incubated with 8 units of Sfil per 1 pg plasmid DNA for 3 h at 50°C. Digested samples were

analysed on a 0.8% agarose/EtBr mini-gel.

2.2.4 Sequencing and BLAST analysis of cDNA clones

The nucleotide sequences of fifty cloned cDNAs were determined on both strands
using the MegaBACE 500 (Molecular Dynamics, USA). Sequencing reactions were carried
out using the DYEnamic ET Dye terminator sequencing kit (Molecular Dynamics, USA)
according to the manufacturer’s instructions. The BLAST program of the National Centre for
Biotechnology Information (Altschul et al., 1990) was used to search the Genbank database

for sequence similarities.

2.2.5 Bioinformatic analysis of XvPrx2

The inferred amino acid sequence of XvPrx2 was obtained by translation of the cDNA
sequence using DNAMAN software (vers. 5.2.10; Lynnon Biosoft, Canada). The
Bioinformatics and Biological Computing Unit (Weizmann Institute of Science, Israel) was
used to plot the hydrophilicity/hydrophobicity of XvPrx2. The ScanProsite tool provided by
ExPASy (us.expasy.org) was used to scan XvPrx2 for conserved motifs. Phylogenetic and
molecular evolutionary analyses were conducted using MEGA (vers. 3.0; Kumar et al., 2004).

A strict consensus maximum parsimony (MP) trees was inferred using the close-neighbour-
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interchange heuristic search. The initial tree was generated by randomly selecting a sequence
and adding it to the growing tree on a randomly selected branch (random addition tree
option). The reliability of the inferred phylogenetic trees was assessed using the bootstrap test
(Felsenstein, 1985). A thousand replicates were tested with a random starting seed. A
homology tree was constructed using DNAMAN. This tree was setup with the distance matrix
using the UPGMA method (Sneath & Sokal, 1973). The homology tree shows related
homologies between two sequences or groups. Sequences used in the phylogenetic and

homology analyses are displayed in Appendix B.

2.2.6 Southern blot analysis

The Southern protocol was adapted from Sambrook et al. (1989). Genomic DNA was
extracted from leaves of fully hydrated X viscosa plants according to the procedure described
by Dellaporta et al. (1983). Leaf tissue (ca. 1 g) was ground to a fine powder in liquid
nitrogen prior to extraction. The DNA was precipitated using isopropanol, resuspended in TE
buffer (10 mM Tris, pH 7.6; 1 mM EDTA) and quantitated spectrophotometrically. Aliquots
of genomic DNA (15 pg) were digested in separate tubes using the following restriction
enzymes: Bglll, EcoRl, EcoRV, Hindlll, Xbal, EcoRl + EcoRV, EcoRIl + Pvul and EcoRI +
Xbal. Digested DNA was electrophoresed overnight at 20V on a 0.8% agarose/EtBr gel in
separate but adjacent wells. On completion of electrophoresis the DNA was transferred by
capillary transfer (Sambrook et al., 1989) onto a nylon membrane (Hybond-XIL.; Amersham
Biosciences, USA) and UV cross-linked (UV Crosslinker; Amersham Biosciences, USA)
onto the membrane.

A radio-labelled probe was prepared by PCR amplification of pDNR-Lib:: XvPrx2.
Primers used in the amplification procedure were XvPrx2-F (10 pM; Appendix B) and
XvPrx2-R (10 uM; Appendix B). The reaction contained [a->*P] dCTP at a concentration of
50 uCi. The PCR reaction was conducted using a Gene Amp 9700 thermal cycler with the
following parameters: 95°C for 5 min; 15 cycles of 95°C for 30 s, 58°C for 1 min and 72°C
for 10 min; and a final extension step at 72°C for 10 min. A longer extension time of 10 min
was used to ensure that the ‘heavier’ radio-labelled dCTP would incorporate during
amplification. Unincorporated nucleotides were removed by passing the PCR product through
a sephadex-G50 column. The specific activity of the labelled probe was determined in a
scintillation counter by counting 1 pl of probe in 2 ml of scintillation fluid. The membrane

was pre-hybridised in buffer (0.5 M NaH,PO4; 1 mM EDTA; 7% SDS; 1% BSA) for a
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minimum of 2 h at 65°C. Following pre-hybridisation, the radio-labelled probe was denatured
by incubation for 10 min in a boiling water bath and immediately thereafter placed on ice.
The denatured probe was added to the pre-hybridisation buffer and hybridisation was carried
out for 18 h at 65°C with gentle shaking. The membrane was washed once for 12 min at 65°C
in Wash Buffer A (0.5% SDS; 2X SSC), followed by a second wash for 10 min at 65°C in
Wash Buffer B (0.1% SDS; 0.5X SSC). The membrane was autoradiographed at -70°C onto
Hyperfilm MP (Amersham Biosciences, USA). Following 5 days exposure, the film was
developed manually using developer and fixer reagents (Amersham Biosciences, UK)

according to the manufacturer’s instructions.

2.2.7 Generation of an XvPrx2 point mutation

A point mutation was generated in XvPrx2 to allow for a second cysteine residue to be
substituted at codon 76 for the existing valine (Fig. 2.1). The resulting protein with two
cysteine residues was named XvV76C.

A gene specific forward primer (F4 HisTOPO-S; Appendix B) and reverse primer (F4
Point Mut-S; Appendix B) incorporating the required base changes at codon 76 were used to
generate a fragment of the gene (amplimer A; codons 1-76). Similarly, a gene specific reverse
primer (F4 HisTOPO-A; Appendix B) and forward primer (F4 Point Mut-A; Appendix B)
incorporating the required base changes at codon 76 were used to generate the second
fragment of the gene (amplimer B; codons 76-162). Sixty nanograms each of amplimer A and
B were used as template with gene specific forward and reverse primers (F4 HisTOPO-S, F4
HisTOPO-A) to generate the point mutated XvPrx2 gene. The Expand High Fidelity PCR
system (Roche, Germany) was utilised in all PCR reactions (Table 2.4). Due to the
polymerase’s inherent 3 — 5° exonuclease or proofreading activity, a 3 fold increase in the
fidelity of the DNA synthesis reaction is observed compared to standard Taq DNA
polymerase. PCR reaction volumes were made up to 25 pl and run on a GeneAmp 9700
thermal cycler with the following cycling conditions: 94°C for 3 min; 35 cycles of 94°C for 30
s, 58°C for 45 s and 72°C for 1.5 min; and a final extension step at 72°C for 5 min.



Table 2.4  PCR reagents and final concentrations used to generate XvV'76C

Components Final concentration
Deoxynucleotide mix 200 uM of each dNTP
Forward primer 300 nM
Reverse primer 300 nM
Template DNA 10 - 60 ng
Expand High Fidelity Buffer 1X (1.5 mM MgCl,)
Expand High Fidelity Enzyme mix 26U
XvPrx2 gene
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Figure 2.1 Schematic diagram displaying the generation of a point mutation in XvPrx2. Amplimer A
was generated using a gene specific reverse primer including the necessary base changes
(A). Similarly, Amplimer B was generated using a gene specific forward primer including
the necessary base changes (B). Aliquots of Amplimer A and B were used as template to
generate the point mutated XvPrx2 gene (C). The resulting point mutated XvV76C gene

includes the necessary nucleotide substitutions in codon 76 (D).
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2.2.8 Analysis of XvPrx2 promoter regions

The splinkerette protocol was employed to obtain the upstream genomic sequence of
XvPrx2. This protocol was modified from Devon et al. (1995). Restriction endonucleases used
were BamHI, Dral, EcoRl, and Ndel.

Adaptors were prepared by the addition of splnktop (Appendix B; 150 pg.ml™)
separately to 4 oligonucleotides (splnkBamHI, splnkDral, splnkEcoRI, splnkNdel; Appendix
B; 150 pgml™) in 20 pl of splnk buffer (20 mM Tris, pH 7.4; 10 mM MgCl,). The 4
oligonucleotide mixes were heated to 90°C and cooled (ca. 15 min) on the bench top to allow
the adaptors to anneal. Four aliquots of X viscosa genomic DNA (3 ng) were digested with
20 U of the respective restriction endonuclease in a 20 pl reaction volume. The restriction
endonucleases were heat inactivated for 10 min at 65°C. Annealed adaptors were ligated to
the digested genomic DNA (Table 2.5). The ligation reaction volume was made up to 20 pl

with sterile water and incubated overnight at RT.

Table 2.5 Components of ligation reaction of adaptors to digested genomic DNA

Component Volume (ul)
Annealed splinker (adaptor) 6
Digested DNA 2
pGemT Easy ligase buffer (2X) 10
pGemT Easy T4 DNA ligase (50 ng.ul'l) 1

H,O 1

Two gene specific primers (Prom-R2, Prom-R1; Appendix B) were used in the first
step PCR reaction (Table 2.6). PCR reaction volumes were made up to 25 pl (standard PCR
reaction; Appendix A) and run with the following cycling conditions: 94°C for 2 min; 7
cycles of 94°C for 1 min, 65°C for 1 min and 72°C for 5 min. The amplification protocol was
repeated using splnkB forward primer (Appendix B) and internal reverse primer Prom-R1
(Appendix B). One microlitre of diluted template (1:50) was used in the second round of
PCR. The PCR reagents and conditions were unchanged except for the cycles that were

increased to thirty. PCR products were electrophoresed on a 1% agarose/EtBr gel.
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Table 2.6 PCR reagents used in the Splinkerette protocol

Component Volume (ul)
Ligated adaptors to digested genomic DNA 1
MgCl, (25 mM) 3
Buffer (10X) 5
dNTP mix (2.5 mM) 4
Supertherm Taq (0.2 U.pl™) I
splnkA (5 uM; Appendix B) 1.5
PromR2 (10 uM) 1.5

The band of interest was excised and purified using the High Pure PCR Product
Purification Kit (Roche, Germany) according to the manufacturer’s instruction. A third PCR
was performed using reagents and conditions as described for the second PCR, the only
change being primers splnk B and Prom-R1 were used in the amplification of the purified
excised band. A single band product was again purified following the procedure described
previously. Ligation of the purified amplimer to TOPO vector (Invitrogen, USA) was carried

out according to the manufacturer’s instruction (Table 2.7).

Table 2.7 Ligation of XvPrx2 upstream region into TOPO cloning vector

Component Volume (ul)
Purified PCR product 2
TOPO vector 0.5

Sait solution* 0.5

*No ligase was required in the ligation reaction

The reagents were added to an Eppendorf tube and incubated for 30 min at RT. Three
microlitres of the ligation mix was transformed in TOPIOF’ E. coli cells (standard
transformation condition; Appendix A). Colony PCR was performed using T7 TOPO-F

primer (Appendix B) and Prom-R1 reverse primer to select for positive clones.
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2.3 RESULTS
2.3.1 Collection of plant material and stress treatment

Plants that were bagged and transported to University of Cape Town from Cathedral
Peak appeared healthy (Fig. 2.2). After a few months under greenhouse conditions X. viscosa
plants were observed to be flourishing with green healthy leaves and new shoots. Plants had
to be divided and repotted as the pots had become too small for the existing plants. The X.
viscosa plants produced flowers in Spring, which is an indication that the conditions under
which they were cultured were well suited to the physiological and reproductive functions of
these plants. Once plants were acclimatised to the new habitat whole plants or excised leaves

were used in stress treatments.

Figure 2.2 The X. viscosa plants in their natural habitat and under greenhouse conditions. The X.

viscosa plant in its natural habitat in the Drakensberg mountains (A); potting of X. viscosa
immediately after collection (B); a healthy X. viscosa plant in the greenhouse (C); and X.

viscosa plants in bloom in the greenhouse (D).
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2.3.2 RNA extraction

Good quality RNA (Fig. 2.3) was isolated from an unstressed and low temperature
stressed X. viscosa plant. The RNA was not degraded and was of high concentration (ca. 1
pg.pl"). One microgram of this RNA was used for the generation of ¢cDNA, which was

subsequently utilised in the construction of the library.

2.3.3 Generation of a full-length Xerophyta viscosa cDNA library

RNA obtained from a plant stressed at low temperature for 12 h was utilised for the
generation of the library (Fig. 2.3). A DNA size range of 0.5-4 kb was observed for ds cDNA
generated from long distance PCR utilising 2 pl of the first strand synthesis cDNA. Bands
were visible and not too faint indicating that the cycling parameters used was correct. The

bright bands observed corresponded to abundant mRNA specific to X. viscosa.

0.5kb ——»

Figure 2.3 Gel electrophoresis of X. viscosa total RNA (lane 1) and ds ¢cDNA (lane 2). M, A DNA
digested with Pstl.
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Fifteen fractions were collected with only four containing ds DNA of the required size.
The ds cDNA was eluted in fractions 6, 7, 8 and 9 (Fig. 2.4). DNA sizes were observed to
range from 0.5 - 4 kb within these fractions (Fig. 2.4). This particular size range was chosen
to obtain full-length cDNAs of a large range of gene sizes. Fragment sizes were observed to
decrease in subsequent fractions (that is the larger fragments were eluted first). Since elution
9 was the last elute containing fragment sizes greater than 0.5, the remaining fractions

together with the first five (containing no DNA) were discarded.

6 7 8 10 11 12 13 14 15 M
vy
.

i

Vb4

B .
kb : 4 kb
= —
0.5kb —» -, 2% A E<_ 0.5kb

Figure 2.4 Gel electrophoresis of 15 DNA fractions following digestion with proteinase K,
ammonium acetate precipitation and Sfil digestion. Arrows indicate fractions that were
pooled and utilised for library construction. Electrophoresis was conducted for 30 min

initially (A) and then for a further 3 h (B) to view the size range of fractions isolated.
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Of the 75 colonies selected, 50 were sequenced. Insert sizes were observed to range
from 0.5 - 1.7 kb in size following plasmid digestion with SfiI (Fig. 2.5). A common band of
4.2 kb was observed in all lanes. This band corresponds to the linearised vector after excision

of the insert.

Figure 2.5 Six plasmids isolated from randomly selected clones (A). Insert sizes ranged from 0.5 -
1.7 kb for the 6 randomly chosen as observed after Sfil digestion (B). The arrow indicates
the 4.2 kb linearised pDNR-Lib vector.

2.3.4 Sequencing and BLAST analysis of cDNA clones

Fifty clones were isolated from the cDNA library. BLAST searches were performed on
the sequences obtained for the 50 clones to determine their identities to known genes (Table
2.8). A majority of the genes (94%) displayed identity with genes in the Genbank database.
Three genes lacked identity to any currently described gene. A large number of genes (22%)
were similar to genes in the database that had not been ascribed a function as yet (cryptic
expressed protein). One clone (E18) was determined to be a partial cDNA (i.e. not full-
length), which would be due to a Sfil recognition site within the cDNA sequence. Table 2.8
displays the fifty genes isolated and their identity to genes in the Genbank database. A
peroxiredoxin type II (XvPrx2) was selected for further analysis (Table 2.8, in bold). The type
IT peroxiredoxin was demonstrated to be stress inducible (Chapter 4) and was analysed further

at both a molecular and biochemical level in this study.
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Table 2.8 c¢DNAs isolated from a low temperature stressed library and their identity to characterised

genes in Genbank

Clone Homology Identity

A8 e-31 Cryptic expressed protein

Bl e-70 Cinnamy! alcohol dehydrogenase

B2 e-44 Seed maturation protein DNAJ protein

B6 e-63 Cysteine proteinase precursor

B9 e-24 Cryptic expressed protein

B19 e-14 Galactinol synthase

B21 e-54 Cryptic expressed protein

C3 e-37 ATP dependent Clp protease proteolytic subunit
C10 e-105 RABI1C (GTP binding protein)

Cis e-54 RuBisCo (large subunit)

El6 e-84 Cryptic expressed protein

E17 e-51 Apospory associated protein ankyrin-repeat protein HBP
E18 e-12 Glutamate synthase

E19 e-49 60S ribosomal protein L24

E20 e-77 PS1 type HI chlorophyll a/b binding protein

F1 ¢-39 Photosystem II 10 kDa polypeptide

F2 e-30 Cryptic expressed protein (probable Sin3)

F4 e-66 Peroxiredoxin (Type II)

F10 e-11 Potassium-dependent sodium-calcium exchanger-like protein
F13 e-8 Carbonic anhydrase

F14 e-33 Phosphatidylinositol transfer protein (Sec14)
F17 0 No identity

G4 e-20 S-like ribonuclease RNS2

G6 0 No identity

Gl1 e-39 Ripening-related protein (putative sugar starvation induced protein)
G17 e-39 Ferredoxin-NADP reductase

H3 e-33 Cryptic expressed protein (A. thaliana)

H5 e-22 Cryptic expressed protein (Chlorobium tepidum)
H7 0 No identity

H12 e-76 Ubiquitin precursor polyubiquitin

H14 e-22 Intracellular pathogenesis-related protein

H16 e-59 Calmodulin

12 e-7 Photosystem II 5 kDa polypeptide

113 e-16 Cryptic expressed protein (Oenothera elata)

117 e-20 Adenine nucleotide translocator

118 e-26 Protein phosphatase 2C
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Table 2.8 continued

Clone Homology Identity

J1 e-32 Cryptic expressed protein (4. thaliana)

J3 e-56 Oxygen-evolving enhancer protein 2 (part of photosystem II)
J4 e-32 Cryptic expressed protein (similar to DNAJ-2/molecular chaperone)
J12 e-61 Cysteine proteinase precursor (stress induced)

J13 e-23 15.9 kDa subunit of RNA polymerase 1

114 e-39 Polyubiquitin

J1S e-17 Ubiquitin carrier protein

17 e-41 Cryptic expressed protein (4. thaliana)

K1 e-68 S18 ribosomal protein (40S ribosomal protein)

K2 e-31 Photosystem I1 10 kDa phosphoprotein

K6 e-56 Carbonic anhydrase (carbonate dehydratase) NPCA1

K8 e-37 Photosystem 1I 10 kDa polypeptide

K13 e-10 Photosystem I assembly protein (ycf-4)

K15 e-17 Dehydration induced protein (ERD15)

2.3.5 Bioinformatic analysis of XvPrx2

The nucleotide sequence of the XvPrx2 cDNA was determined to be 715 bp long with
an open reading frame of 489 bp (Fig. 2.6). The deduced amino acid sequence was observed
to encode a protein of 162 amino acids with a molecular weight of 17.5 kDa and a predicted
pl of 53 at pH 7. The 5’ and 3’ untranslated regions consisted of 29 bp and 197 bp,
respectively. A prosite database of protein families and domains suggests five possible casein
kinase II phosphorylation sites (9-12, 58-61, 78-81, 91-94 and 153-156), as well as one
possible amidation site (34-37), two N-myristoylation sites at position (42-47 and 147-152),
and three possible protein kinase C phosphorylation sites (105-107, 119-121 and 127-129).

The XvPrx2 protein contains the highly conserved PGAFTPTCS amino acid sequence
common to the active site of type I1 Prxs. The catalytic centre of Prxs contains a cysteine
residue (Fig. 2.6, codon 51) that can reduce diverse peroxides. The valine at codon 76 (Fig.
2.6) is the amino acid that was modified to generate a point mutant referred to as XvV76C

(i.e. the valine residue was substituted with a cysteine residue).
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Figure 2.6 Nucleotide sequence of XvPrx2 (black), displaying the inferred amino acid sequence of
the XvPrx2 polypeptide (blue). The conserved catalytic sequence is blocked. The catalytic
cysteine (C51) as well as a valine that was substituted with a cysteine residue in XvV76C
is displayed in red.
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A hydropathy plot (Kyte & Doolittle, 1982; window size 7) revealed that the protein is
mostly hydrophilic as no hydrophobic domain is apparent (Fig. 2.7). Since it is a cytosolic
protein one would expect the protein to be hydrophilic. Based on analyses of the Recombinant
Protein Solubility Prediction Software (www.biotech.ou.edu), XvPrx2 displays a 50.5%

chance of solubility when over-expressed in E. coli.
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Figure 2.7 A hydropathy plot of XvPrx2 as determined by the method of Kyte & Doolittle (1982)

indicating that the protein is soluble.



The XvPrx2 protein has 9 potential phosphorylation sites as predicted by in silico
analysis (Fig. 2.8). There are six serine residues (amino acid position 58, 78, 105 119, 127 and
153), two threonine residues (amino acid positions 14 and 48) and one tyrosine residue
(amino acid position 108) with phosphorylation potentials above the threshold value of 0.5

(Fig. 2.8). Similar in silico analysis to predict glycosylation sites points to XvPrx2 lacking O-
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glycosylation sites.
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O-glycosylation potential

Figure 2.8 1In silico based prediction of phosphorylation potential (A) and O-glycosylation potential
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At the amino acid level XvPrx2 is similar to the Oryza sativa and Candida boidinii
orthologues in that it only possesses a single catalytic cysteine residue at position 51 (Fig.
2.9). Other orthologues possess a second cysteine residue at position 76. However, XvPrx2

possesses a valine at position 76 in place of the second cysteine residue (Fig. 2.9).

active site

XvPrx2 TA
cOsPrxII AVED
CbPrxII TKRED
AtPrxIIB IA
CaPrxII IA
LePrxII TIA
PtPrxII IA
BrPrxII IA
HsPrxVv 1 DAIB--AVEVFEG-EPGNK—-

***_ *. * . . . * * . * Kk Kk ok Kk ok . *_*
XVPrx2 ; KA IMKZ GSGKYTH;.GVEL
cOsPrxIIl GLGTYT GLEL
CbPrxII PNLKLTKKLGSTI
AtPrxIIB GSGEYTHLLGLEL
CaPrxII GAGKYTHBLGLEL
LePrxII GAGKYTHBLGLEL
PtPrxII GSATYTHRLGLEL
BrPrxII GSGEYTKLLGLEL
HsPrxV ] PTGAFGKETDLLL

XvPrx2
cOsPrxII
CbPrxII
AtPrxIIB
CaPrxII
LePrxIT
PtPrxIT
BrPrxII
HsPrxv
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Figure 2.9 Multiple sequence alignment of type II Prx orthologues (accession numbers in Appendix
B). The proteins aligned include: cOsPrxIl (Oryza sativa), CbPrxll (Candida boidinii),
AtPrxlIB (4. thaliana), CaPrxll (Capsicum annuum), LePrxll (Lycopersicon esculentum),
PtPrxIl (Populus tremula x Populus tremuloides), BrPrxll (Brassica rapa subsp.
pekinensis), HsPrxV (Homo sapiens), and XvPrx2 (X. viscosa). Asterisks (*) denote
identities and dots (.) denote similarities. The highly conserved active site in plants
(PGAFTPTCS) is boxed. Purple arrow indicates the catalytic cysteine in all species, red
arrow indicates the second cysteine residue observed in most type Il species and the third

arrow (blue) indicates the third cysteine residue found in human HsPrxV.
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The deduced amino acid sequence of XvPrx2 exhibited considerable similarity to other
plant type Il Prx orthologues (Fig. 2.9). The XvPrx2 protein displays greatest homology with
the O. sativa (77%) and A. thaliana, Populus sp., B. rapa and C. annuum (75%) Prx
orthologues (Fig. 2.10). From the homology tree it can be observed that the Homo sapien
PrxV (HsPrxV) shares 43% homology with XvPrx2 and the least homologous is C. boidinii
(40%).

100 90 8 70 60 50 40
L L1 1 l ] J

XvPrx2 —1-77“/0

cOsPrx

aacills | 97% 75%
BrPrxII

82%

CaPrxll  —

91%

LePrxII

PtPrxII 40%

HsPrxV

CbPrxlII

Figure 2.10 Homology tree of XvPrx2 and related orthologues. Values on branches display percentage

homology.

A maximum parsimony tree was generated in an attempt to determine the evolutionary
relationships between type II peroxiredoxin family members. The parsimony tree revealed
that XvPrx2 is most closely related to a rice orthologue (Fig. 2.11). Six distinct clades were
delineated within the parsimony tree. Plant Prxs clustered within two clades (Clades 1 and 5).
The XvPrx2 protein clustered in the larger plant clade (Clade 1). Within Clade 2, AtPrxIl
from Agrobacterium tumefaciens (bacteria) and PwPrxIl from Prototheca wickerhamii (algae)
appear to be closely related. For Clade 3 it can be observed that this group comprises a mixed
assemblage of Prxs from bacteria, insects and animals. Clade 6 shows that fungal Prxs are
closely related to each other and are probably of a separate lineage to other Prxs from other

taxonomic groups.
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Figure 2.11 Maximum parsimony tree inferred from protein sequence data of type Il Prxs.
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Type II Prxs appear to be very divergent when compared to the other Prxs (Fig. 2.12).

Of the ten existing Prxs from A. thaliana, 6 homologues belong to the type II Prx group. From

the Prx II clade it is evident that CbPrxII and HsPrxV as well as the mitochondrial forms

(AtPrxIIF and bOsPrxIl) are more distantly related to the other type II Prxs. Sequence

identities range from 4-98% between Prxs and from 51-80% between Gpxs.

AtGpxa T1CPx4
AtGpx5 \\ :

e
Ostx\\\\i\
AtGpX6 —— _‘,\\&\
AGpx8 ———

Gpx

PIGPXS  AtGpx2

i

— PiGpx2
AtGpx3

1-CysPrx
At1CysPrx
Bn1CysPrx —\

Xv1CysPrx S

Hv1CysPrx
Ta1CysPrx

Nt2CysPrx
At2CysPrxB >

Bn2CysPrx atacysPrA
So02CysPrx

2-CysPrx

20

Figure 2.12 Maximum parsimony tree of thioredoxin peroxidases.
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2.3.6 Southern blot analysis

Southern blot analysis of X. viscosa genomic DNA (Fig. 2.13A) probed with XvPrx2
c¢DNA was carried out to confirm that XvPrx2 was present in the X. viscosa genome and also
to estimate the gene copy number. The following restriction enzymes were successfully used
in the digestion of X. viscosa genomic DNA: Bglll, EcoRl, EcoRV, Hindlll, Xbal and Pvul
(Fig. 2.13B). Successful labelling of XvPrx2 with [a-*2P] dCTP was confirmed by viewing
the PCR product after removal of unlabelled probe and by Geiger counts. Of the restriction
enzymes used, Bg/ll has two and Pvul has one predicted restriction site/s within XvPrx2. All
other endonucleases utilised in this experiment do not possess recognition sites within the
c¢DNA sequence. Multiple bands were observed when using all of these enzymes (Fig. 2.13C).
Double digestions with EcoRI/EcoRV, EcoRl/Pvul and EcoRl/Xbal, each resulted in two to

four hybridisation bands of varying intensities.

2.3.7 Generation of an XvPrx2 point mutant

A point mutation of XvPrx2 was generated for comparative enzyme assays (Chapter
5). This was carried out to mimic the other type II Prxs that generally possess two cysteine
residues one at codon 51 and the other at codon 76. Modification of the valine to a cysteine
would allow for determining whether the second cysteine residue had any effect on enzyme
activity when compared to the wild type protein. The mutant protein was successfully

generated and named XvV76C due to the change in the amino acid sequence.
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Figure 2.13 Gel electrophoresis of undigested genomic DNA isolated from X. viscosa (A, lanes 1 and
2). Twenty micrograms of X. viscosa genomic DNA was digested with a number of
restriction endonucleases either as single or double digests (B). Autoradiograph following
2 day exposure to membrane probed with radiolabelled XvPrx2 (C). M, lambda DNA
digested with Pstfl. Genomic DNA was digested with Bg/ll (lane 1), FcoRI (lane 2),
EcoRV (lane 3), HindlIIl (lane 4), Xbal (lane 5), EcoRl/EcoRV (lane 6), EcoR1/Pvul (lane
7), EcoRl/Xbal (lane 8), no DNA (lane 9), negative control (100 pg of genomic DNA
from seaweed; lane 10) and positive control (100 pg of 489 bp XvPrx2 PCR fragment;

lane 11).
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2.3.8 Analysis of XvPrx2 promoter regions

Although reverse primers were designed to a specific region of XvPrx2 numerous
cloned upstream regions were obtained. Of the six upstream regions (Fig. 2.14) obtained none
contained the 5’ untranslated region occurring in the XvPrx2 cDNA, although the first 40 bp
of the XvPrx2 gene was in some cases identical to, or differed by a few base pairs from,
XvPrx2 in the 5° coding region. A BLAST search using the last 100 bp of the cloned
sequences, which included the ATG region displayed identity to type II Prxs. The upstream
regions isolated are possibly of promoter regions of XvPrx2 homologues present in the X.
viscosa genome. This result provides further evidence that there may be many XvPrx2
homologues in X viscosa as occurs in A. thaliana. The Prom B3 and Prom B8 clones were
very similar in sequence and shared 98% identity with each other. These clones were
sequenced twice and on both strands, however, the same result was obtained thus discounting
the possibility of errors occurring. The 6 upstream regions do not possess antioxidant
response elements [core sequence (GTGACNNNGC)] as shown for mammal and plant Prxs.
Mammalian antioxidant response clements usually have an activating protein-1-binding site
[AP-1, sequence (TGACTCA)]. A highly homologous 3 region with high variability at the 5’

end for the upstream regions was observed for the cloned sequences.
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PRCOM B15
PRCM D2
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PRCM B3
PROM D8
PRCM B8 ... .ATGGCTCCGA A A -
Consensus gaaagagagaga agag atggctccgatcgcagttggcgaaacgatccca acggaacgctcggatggttcgacgagaaggacgag

Figure 2.14 Multiple sequence alignment of 6 upstream promoter regions obtained using the
Splinkerette method (Devon et al., 1995). The XvPrx2 upstream region was omitted from
the alignment as only 29 bp of the 5’ upstream region was known from the cDNA clone.
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2.4 DISCUSSION

A complete set of full-length cDNA, containing the entire sequence of the mRNA, is
the ultimate goal for cDNA cloning. Unfortunately, cDNA libraries constructed by
conventional methods have a large number of partial length cDNAs. The first strand cDNA is
usually synthesised from an oligo d(T) primer, which hybridises to the polyA tail resulting in
the selective synthesis of mRNA from the 3’ end. In some cases, reverse transciptase
terminates before transcribing the complete mRNA sequence. This is particularly true for long
mRNAs, especially if the first strand is primed with oligo d(T) primers only, or if the mRNA
contains abundant secondary structures. As a result, the largest part of the cDNA library is
occupied by cDNA which lack the 5' end of the mRNA.

The Creator SMART cDNA Library Construction Kit for full-length cDNA
enrichment was employed in this study. The protocol is relatively simple and can be
performed with small amounts of starting material (0.025-1 pg mRNA). SMART cDNA
amplification technology is a PCR-based method for cDNA library construction. Completely
reverse transcribed cDNAs are 5'-tagged via the SMART oligo and selectively amplified after
cDNA synthesis. In the current study it was observed that greater than 90% of cDNAs
screened were full-length highlighting the advantage of this technique.

The ds ¢cDNA size fractionation prior to library amplification allows for amplification
and cloning of cDNAs within defined size ranges. In the current study, fragments in the size
range 0.5-4 kb were pooled. The advantage of the fractionation process is apparent as no
cDNAs smaller than 450 bp were obtained. However, there is a natural size bias against large
fragments during cloning (ligation and bacterial transformation). Therefore, clones with very
large insert sizes are difficult to obtain in full-length ¢cDNA libraries. Consequently, clones in
the size range 0.5-1.7 kb were observed for those screened, with the majority being smaller
than 1 kb. Optimally each fraction should have been ligated and transformed separately for
the different size fractions, a size bias due to out-competition by small fragments would have
been minimised. Sub-libraries made from fractions containing larger fragments would possess
larger average insert sizes. Such insert sizes are strongly under represented when all cDNAs
are ligated and transformed at once as was done in this study. However, for the purposes of
this study the synthesised full-length cDNA library was well suited.

A large percentage of the cDNA clones were shown to display identity to chloroplast
genes. This bias is due to the larger number of chloroplastic mRNA transcripts present within

the plant cell relative to nuclear transcripts. These mRNAs are not necessarily upregulated



59

during stress but are merely enriched because of their natural abundance. It is possible to
minimise such an effect by either:

(i) performing subtractive hybridisation; or

(i1) using nuclei as starting material.

Subtractive hybridisation methods are valuable tools for identifying differentially
regulated genes in a given tissue. These methods avoid redundant sequencing of clones
representing the same expressed genes, maximise detection of low abundant transcripts and
thus, positively affect the efficiency and cost effectiveness of small scale cDNA sequencing
projects aimed to the specific identification of genes upregulated during abiotic stress.

The location of the bulk of cellular mRNA is in the cytosol since cytoplasmic
degradation mechanisms are an important factor regulating mRNA half-lives. Using nuclei as
starting material has the advantage that it reflects the state of gene transcription at any given
moment since only nuclei mRNAs are analysed. An obvious disadvantage to this method is
that many interesting genes would be omitted due to the time-dependent dynamics of mRNA
synthesis and translocation.

A stress inducible gene designated XvPrx2 (Clone F4) was chosen for further analyses
due to its apparent role in oxidative stress as a type II Prx. The Prx family was first described
as alkyl hydroperoxide reductase C (Jacobson et al., 1989) and later as thiol-specific
antioxidant in Saccharomyces cerevisiae and E. coli (Chae et al., 1994a, b). In contrast to
other peroxidases, Prx enzymes do not have redox cofactors such as metal or prosthetic
groups. Prxs reduce hydrogen peroxides and alkyl peroxides to water and alcohols,
respectively, by using reducing equivalents. These reducers are derived specifically from
thiol-containing donor molecules. Members of the Prx family have now been identified in a
wide variety of organisms ranging from prokaryotes to eukaryotes.

The data presented in this study indicate that XvPrx2 encodes a type II Prx. The full-
length cDNA sequence constitutes 715 bp with an open reading frame of 489 bp. The amino
acid sequence deduced from the full-length ¢cDNA indicates that XvPrx2 encodes a
polypeptide of 162 amino acid residues with a predicted molecular mass of 17.5 kDa and a
predicted pl of 5.3 at pH 7. These primary characteristics points to XvPrx2 being a typical
type 11 Prx with no extraordinary features.

A hydropathy plot of the deduced amino acid sequence of XvPrx2 revealed no major
hydrophobic domains, which indicates that XvPrx2 is hydrophilic and unlikely to be

associated with membranes. The protein once isolated for expression studies (Chapter 3) has
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been shown to be highly soluble reinforcing its solubility index. Furthermore, it would appear
logical for the protein to be soluble as its functional role precludes attachment to membranes.

Immenschuh & Baumgart-Vogt (2005) reported that Prx activity is modified not only
by the regulation of gene expression, but also by post-translational mechanisms. These
mechanisms comprise protein phosphorylation, redox dependent oligomerisation, proteolysis
and modification by ligand binding. It was demonstrated that PrxI, II, III and IV are
phosphorylated at a threonine residue of a specific phosphorylation recognition sequence via
the cyclin dependent kinase Cdc2 (Chang et al., 2002). This Cdc2 mediated phosphorylation
was shown to inhibit peroxidase activity of Prxs. The potential mechanism(s) of how
phosphorylation decreases peroxidase activity could be the introduction of a negatively
charged phosphate group that may modulate the peroxidatic active site via an unfavourable
electrostatic effect. It was also reported by Immenschuh & Baumgart-Vogt (2005) that
phosphorylated PrxI was demonstrated to occur during mitosis, but not during the interphase.
Therefore, it was proposed that the phosphorylation of Prx could be an important switch for
the upregulation of cellular levels of hydrogen peroxide, resulting in a progression of the cell
cycle.

Two possible N-myristoylation sites exist in the protein as well as five possible casein
kinase I phosphorylation sites and three possible protein kinase C phosphorylation sites.
Protein N-myristoylation refers to the covalent attachment of myristic acid by an amide bond
to the N-terminal glycine residue of a nascent polypeptide (Johnson et al., 1994). This co-
translational modification occurs on many proteins involved in signal transduction, including
serine/threonine kinases, tyrosine kinases, calcium binding proteins, etc. In most cases, this
modification is essential for protein function to mediate membrane association or protein—
protein interaction (Ishitani et al., 2000). In some cases however, no functional significance
can be associated with myristoylation. Protein phosphorylation is probably the most important
regulatory event and many enzymes are switched ‘on’ or ‘off” by phosphorylation and
dephosphorylation. The presence of three putative phosphorylation sites may indicate possible
means of regulation of the XvPrx2 protein.

Since the discovery of type II Prxs in 1999, a large number of sequences have become
available and multiple sequence alignment with type II Prxs from diverse groups such as
plants, bacteria, fungi and vertebrates is possible. Type II Prxs appear to be the most diverse
of the four Prx groups. This observation is highlighted by the existence of 10 4. thaliana Prxs,
of which six are type Il Prxs. The XvPrx2 protein displays greater than 70% homology with

other plant type II Prxs. This homology decreases when comparisons are made with type II
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Prxs from non-plant groups. The XvPrx2 protein is strongly homologous to other plant Prxs
of its class (77%, 75%, 75% amino acid identity with O. sativa, A. thaliana and B. rapa,
respectively) and also to the well characterised CbPmp20 protein from C. boidinii and to the
human Prx V (42% and 40% amino acid identity, respectively).

The conservation of amino acid sequence among type Il Prx proteins identified from
widely divergent species emphasise its importance in function (Fig. 2.15). The XvPrx2
protein contains a highly conserved active site consisting of the following amino acid
sequence PGAFTPTCS (44-52) where the residue at position 51 is either the catalytic residue
or the peroxidatic residue involved in the detoxification process of reactive oxygen species.
This catalytic residue is conserved among all type II Prx proteins isolated. All other type II
Prxs except for XvPrx2, cOsPrxIl and CbPrxIl possess a second cysteine residue at position
76. An important difference occurring in type II Prxs is the presence of an additional cysteine
(i.e. 3 cysteine residues) in the human Prx (HsPrxV) at position 152 of the amino acid
sequence. The X. viscosa and all other characterised non-mammalian sequences do not
possess this third cysteine residue. This cysteine participates in the formation of an
intermolecular disulphide bridge in the human enzyme (Rouhier et al., 2002) and is

conspicuous by its absence in plant proteins.

51 76 152

conserved
variable

B site of cysteine residue

Figure 2.15 Schematic representation of type Il Prx genes (not to scale). Regions showing conserved
and variable tendencies are displayed. Position of known cysteine residues are shown

(cysteine 152 is found only in HsPrxV).

Phylogenetic and biochemical analyses indicate that A. thaliana and presumably all
photosynthetic organisms possess five distinct classes of thioredoxin-dependent peroxidases.
Four classes represent Prxs sensu stricto with a strictly conserved catalytic cysteine, and the
fifth contains Gpxs, which also display conserved cysteines, but in consensus sequences and
positions different from those previously described for Prxs (Rouhier & Jacquot 2002; Dietz,
2003; Rouhier & Jacquot, 2005). From the phylogenetic analyses it is evident that type 1I Prxs
are more divergent than the other thiol classes. Since X viscosa and O. sativa are both

monocots it is not surprising that these two are the most closely related based on the
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phylogenetic analyses as these orthologues probably share a common ancestor. Furthermore,
these proteins possess a single cysteine residue only, which distinguishes them from other
plant type II Prxs. Other known cytosolic plant type Il Prxs are from dicots and possess two
cysteines. Interestingly, in O. sativa two chloroplastic type II Prx orthologues (aOsPrxII and
dOsPrxII) as well as one mitochondrial type II orthologue (bOsPrxIl) contains 2 cysteine
residues as occurs in dicot species. Based on the rarity of plant type II Prxs possessing a
single cysteine and on their specific occurrence in monocots it can be hypothesised that these
proteins represent a relatively recent evolutionary development. If this is indeed the case,
questions arise regarding differences in functionality and efficiency when compared to typical
type II Prxs.

Based on several lines of evidence, cysteine 51 is proposed to be the catalytic cysteine.
First, it is in a conserved position with respect to all other Prx types where it has been shown
to be the peroxidatic cysteine. Second, studies performed by Rouhier et al. (2002) using
poplar type II Prx, show that site directed mutagenesis of the N terminal cysteine residue
(position 51) clearly indicates that Cys-51 of Prx is the catalytic cysteine. Mutation of Cys-76,
however, does reduce the catalytic efficiency but the protein still remains active with Grx as a
proton donor. Third, this residue is also absent in O. sativa and C. boidinii gene sequences.
Since X viscosa only has a single cysteine residue, which is also the catalytic one,
substituting this cysteine would not be practical. Therefore in this study a second cysteine was
substituted for a valine in order to mimic the other type II Prxs that contain a second cyteinyl
residue at codon 76. The biochemical characteristics of this protein have been analysed in this
study (Chapter 5).

Isolating the promoter region of the XvPrx2 gene is significant in that it is required for
an understanding of regulation of XvPrx2. Since this enzyme plays a role in detoxification and
possibly signalling (Wood et al., 2003) it would be important and beneficial in isolating the
promoter region. Stress inducible promoters provide a better approach when driving
transgenic crops as opposed to constitutively expressed promoters. Six potential upstream
regions of possible type Il Prx homologues have been isolated in this study. All six upstream
regions are 99% similar at their 3’ ends. A BLAST search of the conserved region points to
high level of identity to type II Prxs. It is likely that these are potential upstream regions of
other Prx homologues present in the X. viscosa genome. These homologues were not isolated
and therefore not characterised further in this study.

An examination of the upstream regions of XvPrx2 homologues show no antioxidant

response elements, although current literature (Haslekas et al., 2003b) have shown antioxidant
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response elements in the upstream region of 1-Cys peroxiredoxins. This regulatory element is
present in promoters of genes coding for proteins involved in cellular response to agents
evoking oxidative stress and can be recognised by protein complexes exerting either
inhibitory or, upon cell activation, stimulatory effect on promoter activity leading to elevated
expression of many genes.

An analysis of the genomic organisation of XvPrx2 by Southern blotting confirmed the
presence of the gene in the X. viscosa genome. Although the hybridisation and the washing of
the membranes were performed under high stringency conditions, several hybridisation
signals were detected from Southern analysis of the X. viscosa genome. This result indicates a
multiplicity of putative type II Prxs, aithough the exact number of XvPrx2 genes in the X
viscosa genome remains to be determined. Since there are many homologues of type II Prxs
in Arabidopsis one may infer that there is more than one homologue of XvPrx2 in the X
viscosa genome suggesting that XvPrx2 belongs to a small multigene family. It is not clear
whether the weakly hybridising bands represent additional divergent homologues, low copy
number homologues, or other closely related genes in X. viscosa. Considering the variety of
Prxs in yeast and mammalian cells (Kang et al., 1998b), the bands observed may also
represent other closely related Prx proteins (i.e. either 1 Cys, 2 Cys or PrxQ). The reason why
numerous homologues are required by the plant is significant. It is possible that different
homologues, although they may have many conserved properties, specialise in individual
functions on the basis of their diversity, distinct cell-specific and/or developmentally

regulated expression, and differential responses to environmental stimuli.
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Chapter 3

Expression and localisation of XvPrx2

3.1 INTRODUCTION

Recombinant proteins synthesised in heterologous hosts may accumulate in one of
three ‘compartments’: the cytoplasm, the periplasm or the extracellular medium (Tan et al.,
2002). Many over-expressed proteins from various origins have been purified from each of
these locations. Whenever possible, secretion is the preferred strategy since it permits easy
and efficient purification from the extracellular medium. However, each expression system
needs specific tailoring to meet the stringent requirements for each protein product to ensure
correct folding, activity and desired yield. Furthermore, the flexibility of a common secretion
signal sequence with which to secrete a wide variety of heterologous fusion proteins from
various hosts into the extracellular medium is not available.

In vivo engineering of proteins in transgenic plants is a technique that has gained
increasing importance for biotechnological applications. A powerful technique to monitor
compartmentation and subcellular targeting is the use of GFP technology. According to
Haseloff et al. (1999) GFP technology provides numerous advantages due to its functionality
in living organisms:

(i) eliminates the need for fixation and dehydration and their associated artefacts;

(i) allows each stage of development to be studied in a single intact embryo; and

(1i1) GFP functions in all cell types and is able to reveal their morphology, thus making it
simpler to identify different cells without compromising their viability.

In this chapter the expression and localisation of XvPrx2 is described employing
various molecular techniques. For protein expression three different methods were used:

(1) TOPO based expression;
(i) baculovirus-mediated expression; and
(iii) pProEx expression.
Two separate localisation studies were employed in this study:
(1) immuno-cytochemical localisation; and

(1) YFP localisation studies.
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3.2 MATERIALS AND METHODS
3.2.1 TOPO expression of XvPrx2 and XvV76C

The pCR-T7-TOPO TA Expression Kit (Invitrogen, USA) was used according to the
manufacturer’s instructions for the cloning of XvPrx2 and XvIV76C into pCR-T7-TOPO
expression vector (Appendix C; Invitrogen, USA). The enzyme, Taq polymerase, has a non-
template-dependent terminal transferase activity that adds a single deoxy-adenosine (A) to the
3" ends of PCR products. Linearised pCR-T7-TOPO has single, overhanging 3" deoxy-
thymidine (T) residues. This allows PCR inserts to ligate efficiently with the vector. The
recombinant vector was initially stably maintained in TOP10F’ cells (Invitrogen, USA) and

subsequently transferred to B121 DE3 Lys-S cells for protein expression (Invitrogen, USA).

3.2.1.1 Cloning of XvPrx2 and XvV'76C into pCR-T7-TOPO

Both XvPrx2 and XvV'76C were amplified using gene specific primers, F4 HisTOPO-S
(Appendix B) and F4 HisTOPO-A (Appendix B). PCR reaction volumes were made up to 25
ul (standard PCR reaction; Appendix A) and run with the following cycling conditions: 94°C
for 3 min; 35 cycles of 94°C for 30 s, 58°C for 45 s and 72°C for 90 s; and a final extension
step of 5 min. The PCR products were electrophoresed on a 1% agarose/EtBr gel. The band of
interest was excised and purified using the High Pure PCR Product Purification Kit according
to the manufacturer’s instruction (Appendix A). Ligation of the purified amplimer to TOPO

vector was carried out according to the manufacturer’s instruction (Table 3.1).

Table 3.1 Ligation reaction of TOPO vector to purified PCR products

Components Volume (ul)
Purified amplimer 2.0
TOPO vector (Invitrogen, USA) 0.5
Salt solution* 0.5

*No ligase was required in the ligation reaction

The reagents were added to an Eppendorf tube and incubated for 30 min at RT. Three
microlitres of the ligation mix was transformed in TOP10F’ E. coli cells (standard
transformation condition; Appendix A). Colony PCR was performed using primers, T7
TOPO-F and Prom-RI (Appendix B) to select for positive clones. The TOP10F’ cells
containing either pTOPO:: XvPrx2 or pTOPO: XvI'76C were inoculated in LB broth
supplemented with 100 ug.ml'1 ampicillin (LB-amp). Plasmid DNA was isolated from the
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respective clones using the High Pure Plasmid Extraction Kit according to the manufacturer’s
instruction (Appendix A). Samples were sequenced to confirm that errors were not
incorporated during the PCR amplification procedure.

Prior to protein expression pTOPO:: XvPrx2 and pTOPO:: XvV'76C were transformed
into BL21 DE3 Lys-S E. coli cells. Colony PCR was performed using primers, T7 TOPO-F
and F4 HisTOPO-A (Appendix B) to select for positive clones. Positive XvPrx2 and XvV'76C

clones were used in the expression studies.

3.2.1.2 Protein expression

For small scale induction, | ml of an overnight LB-amp broth culture (either
pTOPO:: XvPrx2 or pTOPO::XvV'76C) was inoculated in 100 ml L.B-amp broth and incubated
with vigorous shaking at 37°C until an ODgg of between 0.6-0.8 was obtained. A 1 ml aliquot
was removed from the broth culture (un-induced sample) at this point. The 100 ml culture was
induced by addition of isopropyl-B-D-thiogalactoside (IPTG; 1 mM final concentration). A 1
ml aliquot was collected every hour for 5 h (induced samples). The 1 ml samples were
centrifuged for 1 min at 8000 x g and the supernatant discarded. Eighty microlitres of water
was added to the pelleted cells and gently resuspended by pipetting. Twenty microlitres of 5X
SDS loading buffer (0.225 M Tris, pH 6.8; 50% glycerol; 5% SDS; 0.05% bromophenol blue;
0.25 M DTT) was added to the resuspended cells. Samples were electrophoresed on a 12%
polyacrylamide gel (standard PAGE conditions; Appendix A).

For large scale induction, 20 ml of an overnight LB-amp broth culture (either
pTOPO::XvPrx2 or pTOPO:XvV76(C) was inoculated in one litre LB-amp broth and
incubated with vigorous shaking at 37°C until an ODgg of between 0.6-0.8 was obtained. A 1
ml aliquot was removed from the broth culture (un-induced sample) at this point. The one litre
culture was induced by addition of IPTG (1 mM final concentration) and incubated for an
additional 5 h with vigorous shaking at 37°C. A 1 ml aliquot was collected after 5 h (induced
sample). The 1 ml samples (induced and un-induced) were treated as described for small scale
induction. The remaining one litre induced culture was cooled for 10 min on ice. The culture
was distributed into 6 GSA centrifuge tubes and centrifuged for 30 min at 4000 x g at 4°C.
The supernatant was discarded. Pelleted cells from all 6 centrifuge tubes were pooled
following resuspension in 50 ml LB broth. Cells were again pelleted by centrifugation for 10
min at 5600 x g at 4°C. The supernatant was discarded. Pelleted cells were stored overnight at

-20°C or for longer periods at -80°C.



67

The frozen cells were thawed for 45 min on ice. The pellet was initially resuspended in
a small volume (ca. 1-2 ml) of lysis buffer [SO mM NaH,PO4; 300 mM NaCl; 10 mM
imidazole; 10 mM ascorbic acid (added fresh); pH 8] by gentle pipetting. Further small
amounts of lysis buffer were added at short intervals to allow the cells to slowly dissolve.
This facilitated the homogenisation of the cell solution. The final volume of lysis buffer added
to the cell solution was between 20-40 ml depending on the size of the pellet and the viscosity
of the solution. Lysozyme (0.01 g in 1 ml lysis buffer; Sigma, Germany) was added to the cell
solution, which was incubated for 1 h with gentle shaking at 4°C to allow cell lysis to occur.
Five millitre aliquots of the infected cells were sonicated in 6 bursts of 10 s interrupted by
five intervals of 10 s to prevent overheating of the sample. The lysate was centrifuged for 30
min at 10000 x g at 4°C. The supernatant containing the crude protein extract was purified

through a Ni-NTA column.

3.2.1.3 Protein purification

To prepare a resin column the bottom of a 20 ml syringe was plugged with glass wool.
Homogenised Ni-NTA resin (Qiagen, Germany) was loaded in the syringe over the glass
wool. Ten millilitres of wash buffer I (50 mM NaH,;POy4; 300 mM NaCl; 10 mM imidazole;
pH 8) was applied to the top of the resin column and allowed to pass through by gravitational
flow. The supernatant containing the crude protein extract was loaded onto the column. The
recombinant protein was allowed to bind to the column due to the interaction of the protein’s
His-Tag and nickel ions on the Ni-NTA column. A 100 pl aliquot of the flow-through was
removed (pre-wash sample). The resin bound protein was washed with 20 ml wash buffer |
and a second 100 pl aliquot of the flow-through was removed (first wash sample). The resin
bound protein was washed with 20 ml wash buffer II (50 mM NaH,POy; 300 mM NaCl; 10
mM imidazole; 20% glycerol; pH 8) and a third 100 pl aliquot of the flow-through was
removed (second wash sample). The washed protein in the column was treated with 10-20 ml
elution buffer (50 mM NaH,PO,; 300 mM NaCl; 250 mM imidazole; pH 8) and the elutes
collected in 1.5 ml Eppendorf tubes as 1 ml fractions. A fourth 100 pl aliquot of the flow-
through was removed at the end of the elution process (post elution sample). The OD,gq of
each fraction was determined in a spectrophotometer (Beckman, USA) using quartz cuvettes.
From these absorbance readings the samples with the highest OD,gy values (greater than 0.5)

were pooled and a 100 pl aliquot removed (eluted sample).
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The concentration of the protein was determined using the following formula:
Protein concentration = E/e.d
where,
E = absorbance at 280 nm
¢ = extinction coefficient (using protparam tool page in expasy) = 15220.1
d = cuvette diameter = 1 cm

The pooled protein sample was dialysed overnight in 40 mM phosphate buffer (KPi
buffer; Appendix D). Fresh 40 mM KPi buffer was added to the sample and dialysis was
allowed to continue for a further 5 h. Following dialysis the sample was transferred to a 50 ml
Sterilin tube. The OD,gp of the dialysed sample was determined in a spectrophotometer,
which was blanked with 40 mM KPi buffer. Five hundred microlitre aliquots of the purified
protein sample were prepared and stored at -70°C. A 10 pl aliquot (dialysed sample) was
removed for gel electrophoresis.

Sample aliquots (pre-wash, first wash, second wash, eluted, post elution and lysed)
prepared during the protein purification procedure were prepared for electrophoresis. Samples

were electrophoresed on a 12% SDS PAGE gel (standard PAGE conditions; Appendix A).

3.2.2 Baculovirus expression of XvPrx2

Recombinant baculoviruses have become widely used as vectors to express
heterologous genes in cultured insect cells and insect larvae. In most cases, the recombinant
proteins are processed, modified, and targeted to their appropriate cellular locations, where
they are functionally similar to their authentic counterparts.

Bac-to-Bac (Invitrogen Life Technologies, USA) protocol relies on the generation of
recombinant baculovirus by site-specific transposition in E. coli rather than homologous
recombination in insect cells. The gene of interest is cloned into a pFastBacl vector and
transformed into DH10Bac competent £. coli cells. DHI0Bac cells contain a parent bacmid
with a /acZ-mini-atfTn7 fusion. Transposition occurs between the elements of the pFastBacl
vector and the parent bacmid in the presence of transposition proteins provided by a helper
plasmid. When the transposition is successful, the expression cassette disrupts the lacZ gene.
The new expression bacmid is visualised as white bacterial colonies. High molecular weight
DNA is isolated and transfected into Sf21 cells using Cellfectin transfection reagent
(Invitrogen Life Technologies, USA). After two days high-titre recombinant baculovirus can
be isolated for amplification and expression. Cells are infected using the viral stock and

protein expression can be detected within 2 days.



69

3.2.2.1 Cloning of Xv7rx2 into pFastBacl

The XvPrx2 gene was amplified using gene specific primers, EcoR1CAT-F
(incorporating an EcoRI site; Appendix B) and XvPrx2-R (Appendix B). PCR reaction
volumes were made up to 25 pl (standard PCR reaction; Appendix A) and run with the
following cycling conditions: 94°C for 3 min; 35 cycles of 94°C for 30 s, 58°C for 45 s and
72°C for 90 s; and a final extension step of 5 min. The PCR products were electrophoresed on
a 1% agarose/EtBr gel. The band of interest was excised and purified using the High Pure
PCR Product Purification Kit according to the manufacturer’s instruction (Appendix A).

The purified XvPrx2 amplimer was digested using EcoRI and Xbal with overnight
incubation at 37°C. The digested fragment was purified using the High Pure PCR Product
Purification Kit according to the manufacturer’s instruction (Appendix A). Similarly,
pFastBacl was digested using EcoRI and Xbal, electrophoresed on a 1% agarose/EtBr gel,
excised and purified. The digested XvPrx2 amplimer and pFastBacl were ligated (standard
ligation conditions; Appendix A).

The recombinant plasmid was transformed into E. coli XLI-blue cells (standard
transformation conditions; Appendix A). Colony PCR was performed using primers,
EcoR1ICAT-F and XvPrx2-R to select for positive clones. The XLI-blue cells containing
pFastBacl::XvPrx2 were inoculated in LB broth supplemented with 100 pg.ml" ampicillin.
Plasmid DNA was isolated from the respective clones using the High Pure Plasmid Extraction
Kit according to the manufacturer’s instruction (Appendix A). Samples were sequenced to
confirm that errors were not incorporated during the PCR procedure.

Plasmid DNA was isolated from two positive clones and re-transformed into E. coli
DH10Bac cells. Ten nanograms of pFastBacl: XvPrx2 DNA was added to competent F. coli
DH10Bac cells and gently mixed. The transformation mix was incubated for 45 min on ice.
The cells were heat shocked by incubation for 45 s at 42°C and immediately thereafter on ice
for 2 min. Nine hundred microlitres of SOC broth (Appendix D) was added to the transformed
cells and incubated for 4 h at 37°C with shaking. Fifty microlitres of the transformation mix
was plated on LB agar plates (supplemented with 50 pg.ml”’ kanamycin, 7 pg.ml’
gentamycin, 10 ug.ml” tetracycline, 40 pg.ml” X-gal and 40 pg.ml”' IPTG) and incubated

overnight at 37°C. Clones were observed as large white colonies.
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3.2.2.2 Generation of recombinant bacmid DNA

A single bacterial colony was selected and inoculated in 2 ml LB (supplemented with
50 pg.ml”! kanamycin, 7 pg.ml” gentamycin and 10 pg.ml™ tetracycline) and incubated for
16 h at 37°C with shaking. The bacterial culture was transferred to a 2 ml Eppendorf tube and
centrifuged for 1 min at 12000 x g at RT. The supernatant was discarded. The pellet was
resuspended in 0.3 ml solution I (15 mM Tris, pH 8; 10 mM EDTA; 100 pg.ml” RNase A) by
gently pipetting. To this 0.3 ml solution II (0.2 N NaOH; 1% SDS) was added, mixed gently
by inversion (ca. 25 times) and incubated for 5 min at RT. The appearance of the cell
suspension was observed to change from very turbid to almost translucent as the cells lysed.
A volume of 0.3 ml solution III (3 M potassium acetate, pH 5.5) was added and mixed gently
by inversion (ca. 25 times). Protein and genomic DNA precipitated out of solution at this
point resulting in a white precipitate. The tube containing the lysed cells was incubated for 10
min on ice and thereafter centrifuged for 10 min at 12000 x g at RT. The bacmid containing
supernatant was transferred to a 2 ml Eppendorf tube containing 0.8 ml isopropanol, mixed
gently by inversion (ca. 50 times) and incubated for 10 min on ice. The precipitated bacmid
DNA was centrifuged for 15 min at 12000 x g at RT. The supernatant was discarded. The
DNA pellet was washed in 0.5 ml of cold 75% EtOH. DNA samples were centrifuged for 5
min at 6000 x g at RT and the EtOH was discarded. DNA samples were briefly centrifuged
and the remaining EtOH removed with a pipette. The DNA pellet was air-dried for ca. 10
min. The bacmid DNA pellet was resuspended in 50 ul TE buffer (10 mM Tris, pH 8; 1 mM
EDTA) and stored at -20°C. Repeated freeze/thaw cycles of the bacmid DNA were avoided as
this reduced transfection efficiency.

A 35 mm perspex dish with 2 ml of complete media (10% FCS (Sigma, Germany); 50
pg.ml’ neomycin; 62.9 pg.ml’ penicillin G; 100 pg.ml™ streptomycin, made up in 100%
TC100] was seeded with 1 x 10° Sf21 cells (Invitrogen Life Technologies, USA). The cells
were allowed to settle (forming a monolayer) by overnight incubation at 27°C. Excess liquid
was removed from the monolayer cells, which were washed twice with 2 ml TC100 (Sigma,
Germany). Solution A (5 pl bacmid mini prep DNA; 100 ul TC100) and B (6 pl Cellfectin;
100 pul TC100) were mixed and incubated for 45 min at RT. This mixture comprised the lipid-
DNA complexes. Eight microlitres of TC100 was added to the lipid-DNA complexes and
mixed gently. The remaining media was removed from the monolayer cells and overlaid with
1 ml lipid-DNA mix. The overlaid monolayer cells were incubated for 5 h at 27°C prior to the

addition of 1 ml complete media. The overlaid monolayer cells were incubated for a further
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72 h at 27°C. Infected insect cells in the supernatant were harvested. The supernatant was
clarified by centrifugation for 5 min at 5000 x g at RT. The supernatant containing infected
insect cells (First Supernatant; expected titre of 1 x 10’ pfu.ml™) was incubated in the dark at
4°C. Two millilitres of complete media was added to the infected insect cells and incubated
for a further 72 h at 27°C to allow for amplification of the virus. Infected insect cells in the
supernatant were again harvested. The supernatant was clarified by centrifugation for 5 min at
5000 x g at RT (second supernatant; expected titre of 1 x 10° pfu.ml™). An aliquot of the
infected insect cells was analysed for protein expression by lysis in 400 pl protein disruption
buffer (62.5 mM Tris, pH 6.8; 2% SDS). Samples were electrophoresed on a 12% SDS PAGE
gel (standard PAGE conditions; Appendix A).

The supernatant containing infected insect cells was clarified by centrifugation for 5
min at 500 x g at RT. Infected insect cells were transferred to sterile capped cryotubes (Nunc,

USA). Tubes were stored in the dark with half at 4°C and the remainder at -70°.

3.2.2.3 Confirmation of viral infection of insect cells

The infection of insect cells with virus particles was confirmed by both PCR and
electron microscopy.

PCR was performed on DNA isolated from infected insect cells. The XvPrx2 gene was
amplified using gene specific primers, XvPrx2-F (Appendix B) and XvPrx2-R (Appendix B).
PCR reaction volumes were made up to 25 pl (standard PCR reaction; Appendix A) and run
with the following cycling conditions: 94°C for 3 min; 35 cycles of 94°C for 30 s, 58°C for 45
s and 72°C for 90 s; and a final extension step of 5 min. The PCR products were
electrophoresed on a 1% agarose/EtBr gel.

Five day post-infection insect cells (intact and lysed) were prepared for electron
microscopy. For the lysed sample, 5 ml aliquots of infected cells were sonicated in 3 bursts of
10 s interrupted by two intervals of 10 s to prevent overheating of the sample. Following
sonication the disrupted cells were centrifuged for 10 min at 4250 x g at RT. The supernatant
was transferred to a fresh tube. The supernatant was coated on the matt side of copper grids
by floating grids for 10 min in 20 pl of supernatant on parafilm. For the intact sample, cells
were coated on the matt side of copper grids by floating grids for 10 min in 20 pl of infected
cells on parafilm.

For both intact and lysed samples 20 ul of sterile dH,O was spotted on a separate piece

of parafilm. Grids were gently transferred (matt side down), with a sterile forceps, onto the 20
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ul sterile dH,O spots and allowed to wash for 1 min. Excess water from the grids were
removed by blotting with strips of Whatmann filter paper (Merck, Germany). A second wash
was performed for 1 min with fresh sterile dH,O on parafilm and the excess water was again
removed by blotting. Uryl acetate was used to fix cells onto grids. The uryl acetate was
centrifuged for 2 min at 12000 x g at RT. Twenty microlitres of uryl acetate was placed on a
piece of parafilm and the grids were placed (matt side down) on the solution for 2 min. The
excess solution was removed by blotting and the grids were stored in a grid box. Grids were
viewed using a JEM 200 electron microscope (JEOL, Tokyo, Japan) at 120 kV to confirm the

presence of virus particles.

3.2.2.4 Purification of XvPrx2 from baculovirus infected insect cells

Infected insect cells were washed with phosphate buffered saline [PBS (50 mM
potassium phosphate; 150 mM NaCl; pH 7.2)] and collected by centrifugation for 5 min at
5000 x g at RT. Lysis buffer (50 mM NaH,PO,; 300 mM NaCl; 10 mM imidazole; pH 8) was
prepared fresh in a total volume of 25 ml and was supplemented with a single protease
inhibitor tablet (EDTA free; Roche, Germany). The washed cells were lysed by briefly
vortexing in 10 ml lysis buffer supplemented with 1% Nonidet R40 (Roche, Germany) per 1 x
107 cells. The lysed cells were incubated for 10 min on ice and thereafter centrifuged for 10
min at 5000 x g at RT to pellet cellular debris and DNA. The supernatant (cleared lysate)
containing His-tagged XvPrx2 was treated with RNaseA (10 ug.ml™; Sigma, Germany) and
DNasel (1 pg.ml"; Sigma, Germany) according to the manufacturer’s instructions. Two
hundred microlitres of 50% Ni-NTA (Qiagen, Germany) slurry per 4 ml cleared lysate was
added and incubated for 2 h at 4°C with shaking. The resin was equilibrated by first adding it
to the slurry and incubating for a few min on ice. The column was washed with lysis buffer
and thereafter the lysate Ni-NTA mixture was loaded onto the column (outlet capped). The
outlet cap was removed and the flow-through collected (pre-wash sample). The column was
washed twice with 800 pl wash buffer (50 mM NaH,PO,; 300 mM NaCl; 20 mM imidazole;
pH 8) and the flow-through collected (first and second wash samples). Proteins (His-tagged)
were eluted in 100 pl elution buffer (50 mM NaH;PO4; 300 mM NaCl; 250 mM imidazole;
pH 8). The elute was collected in four fractions. A 1 pl aliquot was removed from each of the
eluted fractions (eluted samples). Purified protein was dialysed overnight in either Tris (pH
7.5) or phosphate buffer. This final dialysis step was necessary to ensure the protein was free

of any residual salt or imidazole. Sample aliquots (pre-wash, first wash, second wash and
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eluted) prepared during the protein purification procedure were prepared for electrophoresis.
Samples were electrophoresed on a 12% polyacrylamide gel (standard PAGE conditions;

Appendix A).

3.2.3 Expression of XvPrx2 in pProEx

The pProEx-HT prokaryotic expression system (Invitrogen Life Technologies, USA)
was used to express recombinant XvPrx2 in E. coli. The gene of interest is cloned into the
multiple cloning site of either pProExA, B or C. The histidine sequence at the amino terminus
has a strong affinity to the Ni-NTA resin matrix making it simple to purify the desired
protein. Protein purification using the Ni-NTA resin is based on the principles of immobilised
metal chelate affinity chromatography. The pProEx-HT vector (Invitrogen Life Technologies,
USA) also contains the TEV protease recognition site for cleavage of the 6X histidine from

the protein. The frc promoter and lacl’ gene enable inducible expression of the cloned gene

with IPTG.

3.2.3.1 Cloning of XvPrx2 into pProEx

The loxP cassette (Clontech, USA) was amplified using gene specific primers,
LoxPEcoRI-F (incorporating an EcoRI site; Appendix B) and LoxPXbal-R (incorporating a
Xbal site; Appendix B). PCR reaction volumes were made up to 25 pl (standard PCR
reaction; Appendix A) and run with the following cycling conditions: 94°C for 1 min; 16
cycles of 94°C for 30 s and 60°C for 2 min; and a final extension step of 60°C for 5 min. The
PCR products were electrophoresed on a 1% agarose/EtBr gel. The band of interest was
excised and purified using the High Pure PCR Product Purification Kit according to the
manufacturer’s instruction (Appendix A).

The purified loxP cassette was digested using EcoRI and Xbal with overnight
incubation at 37°C. The digested fragment was purified using the High Pure PCR Product
Purification Kit according to the manufacturer’s instruction (Appendix A). Similarly,
pProExA, B, C (Appendix C; Invitrogen, USA) were digested using EcoRI and Xbal,
electrophoresed on a 1% agarose/EtBr gel, excised and purified. The digested /oxP cassette
and pProExA, B, C were ligated (standard ligation conditions; Appendix A).

The recombinant plasmids were transformed into E. coli XL1-blue cells (standard
transformation conditions; Appendix A). Colony PCR was performed using primers,
LoxPEcoRI-F and LoxPEcoRI-R to select for positive pProEx::LoxP clones. The XL1-blue

cells containing either pProExA::loxP, pProExB::loxP or pProExC::loxP were inoculated in



74

LB broth supplemented with ampicillin (100 pg.ml™"). Plasmid DNA was isolated from the
respective clones using the High Pure Plasmid Extraction Kit according to the manufacturer’s
instruction (Appendix A). Samples were sequenced to confirm that errors were not
incorporated during the PCR procedure.

The pDNR-Lib::XvPrx2 plasmid (see section 2.3.4) was digested with EcoRI resulting
in the excision of a fragment (ca. 70 bp) upstream of the gene flanked by two EcoRI sites. The
digested pDNR-Lib::XvPrx2 plasmid was re-ligated and transformed into £. coli XL1-blue
cells (standard ligation and transformation conditions; Appendix A).

The XvPrx2 gene was transferred from pDNR-Lib into pProExA::loxP, pProExB::loxP
and pProExC::loxP using Cre recombinase (Clontech, USA). Reaction mixtures were

prepared in a 20 pl volume (Table 3.2).

Table 3.2 Reaction mixture for the transfer of XvPrx2 from the donor vector, pProEx (A, B, C) to

the acceptor vector, pDNR-Lib using Cre recombinase

Component Concentrations/volumes
Donor vector 200 ng

Acceptor vector 200 ng

10X Cre reaction buffer 2 ul

10X BSA (I mg.ml™) 2 ul

Cre recombinase (100 ng.pul™) 1 ul

dH,0 make up to 20 pl

The contents were mixed well by gently tapping the tube and briefly centrifuging the
contents. The reaction mix was incubated for 15 min at RT. The incubation period was not
extended beyond 15 min as competing recombination reactions, which do not generate
desired recombinants can reduce the yield of the desired recombinants. The reaction was
terminated by heat inactivation for 5 min at 70°C.

The recombinant plasmid was transformed into E. coli XL1-blue cells (standard
transformation conditions; Appendix A). Transformed cells were plated on LB agar plates
supplemented with 30 ug.ml™' chloramphenicol and 7% sucrose. All clones containing pDNR-
Lib::XvPrx2 would die due to the presence of a sacB gene in pDNR-Lib. All clones
containing pProExA::loxP, pProExB::loxP or pProExC::loxP would die due to the absence of
a chloramphenicol resistance gene. Only clones with pProExA:: XvPrx2, pProExB:: XvPrx2 or
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pProExC::XvPrx2 would survive due to the co-transfer of XvPrx2 and a chloramphenicol
resistance gene from pDNR-Lib.

The XLI1-blue cells containing either pProExA::XvPrx2, pProExB::XvPrx2 or
pProExC::XvPrx2 were inoculated in LB broth supplemented with 34 pg.ml’
chloramphenicol. Plasmid DNA was isolated from the respective clones using the High Pure
Plasmid Extraction Kit according to the manufacturer’s instruction (Appendix A). Samples

were sequenced to confirm that the gene was cloned in frame with the histidine tag.

3.2.3.2 Protein expression and purification
Proteins were expressed and purified as described in sections 3.2.1.2 and 3.2.1.3,

respectively.

3.2.4 Antibody generation, western blotting and immuno-detection
3.2.4.1 Antibody generation
Purified protein was concentrated using an Electro-eluter (model 422; Bio-Rad, USA.)

according to the manufacturer’s instructions. The purified XvPrx2 protein at a concentration
of 1 mg.ml” was used for antibody generation. An antiserum against XvPrx2 heterologously
expressed in £. coli was generated in rabbit by Pineda (Germany). Pre-immune sera from 3
separate rabbits were tested for cross reactivity against total protein extracted from A. thaliana
and X. viscosa as well as against purified XvPrx2 protein. The rabbit that produced pre-
immune serum displaying the least cross reactivity was selected for generation of XvPrx2
antibodies. Other antibodies used in this study included:

(i) AtPrxIIB antibody (provided by Finkemeier, University of Bielefeld, Germany);

(i) PtPrxII antibody (provided by Rouhier, Université Henri Poincaré, France); and

(iii) anti-His antibody (Sigma, Germany).

3.2.4.2 Western blotting
Gels were placed in transfer buffer (25 mM Tris; 192 mM Glycine; 0.1% SDS; 20%
methanol added fresh) following SDS electrophoreses. The Hoefer miniVE vertical
electrophoresis system (Amersham Biosciences, USA) was used for the blotting procedure.
The transfer stack was assembled on the cathode module whilst submerged in transfer buffer
in the following order:
(i) two packing sponges (dampened in transfer buffer) centred on the cathode module;

(if) two pieces of filter paper (moistened in transfer buffer) placed on the packing sponge;
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(iii) the gel (equilibrated in transfer buffer) positioned on the filter paper;
(iv) Osmonics nitrocellulose membrane (Osmonics, USA), with pore size 0.45 um,
immersed for 5 min in transfer solution and thereafter placed on the gel;
(v) two pieces of filter paper (moistened in transfer buffer) placed on the membrane; and
(vi) two packing sponges (moistened in transfer buffer) placed on the filter paper.
The module was sealed and placed in the module holder, which was placed into the
electrophoresis tank. The tank was filled with transfer buffer and the Ilid closed.

Electrophoretic transfer was conducted for 3 h at 300 mA.

3.2.4.3 Chromogenic detection

The membrane was removed from the blotting apparatus and placed in
TBS/Tween/Triton buffer [TBSTT (50 mM Tris; 150 mM NaCl; 0.05% Tween 20; 0.2 %
Triton X100, prepared fresh)]. The membrane was stained in Ponceau S stain [0.1% Ponceau
S (BioBasic, USA); 5% acetic acid] to verify transfer and equal loading of proteins as
Ponceau S reversibly stains proteins red. Stained protein bands were photographed and
immediately thereafter TBSTT was added to the membrane to remove the stain. The
membrane was washed thrice for 10 min in TBSTT at RT with shaking. The membrane was
incubated for 1 h in blocking solution (1% milkpowder in TBSTT) at RT with shaking and
thereafter washed thrice for 10 min in TBSTT at RT with shaking. The membrane was
incubated for 3 h in primary antibody [1:1000 dilution of tetra-His BSA free mouse
monoclonal IgG (Qiagen, Germany)] in blocking buffer at RT and thereafter washed thrice
for 10 min in TBSTT buffer at RT with shaking. The membrane was incubated for 1 h in
secondary antibody [1:5000 dilution of goat anti-mouse IgG alkaline phosphatase conjugate
(Sigma, Germany)| in blocking buffer at RT and thereafter washed thrice for 10 min in
TBSTT buffer at RT with shaking. The membrane was stained with alkaline phosphatase
solution [one tablet of NBT/BCIP ready to use tablets (Roche, Germany)] until the signal was
clearly visible (ca. 5-15 min). The chromogenic reaction was terminated by rinsing the

membrane twice in water. The membrane was air-dried and photographed immediately.
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3.2.4.4 Chemiluminescent detection

The membrane was removed from the blotting apparatus and placed in TBSTT. The
membrane was stained in Ponceau S stain to verify transfer and equal loading of proteins as
Ponceau S reversibly stains proteins red. Stained protein bands were photographed and
immediately thereafter TBSTT was added to the membrane to remove the stain. The
membrane was washed thrice for 10 min in TBSTT at RT with shaking. The membrane was
incubated for 1 h in blocking solution (1% milkpowder in TBSTT) at RT with shaking and
thereafter washed thrice for 10 min in TBSTT at RT with shaking. The membrane was
incubated for 3 h in primary antibody (1:5000 dilution of XvPrx2 antibodies) in blocking
buffer at RT and thereafter washed thrice for 10 min in TBSTT buffer at RT with shaking.
The membrane was incubated for 1 h in secondary antibody [1:20000 dilution of goat anti-
rabbit IgG horseradish peroxidase conjugate (Sigma-Aldrich, UK)] in blocking buffer at RT
and thereafter washed thrice for 10 min in TBSTT buffer at RT with shaking. Detection was
carried out using the SuperSignal West Pico Chemiluminescent Substrate Detection System
(Pierce, USA) according to the manufacturer’s instructions. Fluorescence was captured on

CL-XPosure Film (Pierce, USA).

3.2.5 Immuno-cytochemical localisation of XvPrx2

Immuno-cytochemical analyses were performed according to the protocol of Kénig et
al. (2002). Mature leaves and roots of non-stressed and stressed (100 uM ABA) X. viscosa
were dissected in 1 mm? sections and immediately fixed for 45 min in 2.5% glutaraldehyde
(w/v) in EM buffer (50 mM KH,POy4; Na,HPO,4, pH 7.0). Similarly, A. thaliana leaves (4
week old) were prepared in the same manner. Following dehydration in acetone gradients, the
samples were embedded step-wise in Transmit EM resin (TAAB Laboratories Equipment,
UK). Ultra thin sections of 60-70 nm were generated using an Ultracut microtome (Reichert
Ultracut E, Germany) and placed onto 400 mesh gold grids. Samples were either immuno-
labelled with rabbit anti-XvPrx2 antiserum (1:100; see section 3.2.4.1) or with rabbit anti-
AtPrxIIC antiserum for 1 h and diluted in 3% BSA [made up in Tris buffered saline (10 mM
Tris, pH 7; 150 mM NaCl)] supplemented with 0.05% NaN3; (w/v). Grids were rinsed in 5X
Tris buffered saline and incubated for 1 h with gold conjugated (15 nm) anti-rabbit IgG (1:30;
Sigma, Germany) in 3% BSA (made up in Tris buffered saline). Samples were stained for 5 s
with 0.1% uranyl acetate (